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Preface УД 


Over the past few years, as I have evaluated books on methods 
of teaching science and the schedules of methods courses taught in 
various colleges, I have been impressed by the way so many authorita- 
tively dictate to teachers how they should and should not teach. Others 
seem to describe all the methods their authors can think of but give no 
Opinion about what methods to use under given circumstances. Few 
encourage teachers to experiment actively and constantly with teaching 
techniques and curriculum materials. 

Inquiry Techniques for Teaching Science is an outgrowth of my own 
science methods course at Syracuse University. At first, my colleagues 
and I taught it as a lecture course. In a short while we were convinced 
that our goal of encouraging the use of discovery techniques of teaching 
and learning could hardly be reached by practicing the opposite of what 
we preached. Consequently, I have been trying to use a discovery ap- 
proach in teaching the methods course itself. The object of the course is 
to force each student to develop his own curriculum materials and to 
work out his own style of teaching by making him “teach his way out” 
of various situations. Thus far we have used peer-group testing methods. 
Each student must teach certain kinds of lessons to a group of his peers, 
who at the end of the lesson become his critics. The instructor serves as 
a discussion leader or fellow critic and occasionally demonstrates special 
techniques. The instructor also helps lead summary sessions in which 
the class as a group decides which approaches have or have not been 
Successful in achieving certain behavioral goals of the student teachers, 

Part One of this book has served essentially as a laboratory manual 
in my own course, setting the stage for the various problems included 
herein as “Activities.” Naturally it would be preferable if the students 
could teach actual elementary, secondary, and college students during 
their practice sessions. One of my colleagues, Professor Marvin Druger, 
has occasionally been able to enlist volunteer classes from local public 
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schools to serve as subjects for the members of his classes. Probably at 
least some of the practicing should be done on peer groups rather than 
on actual school children so that the teacher-to-be will develop presence 
of mind, ease of manner, and an experimentive bent without having to 
cope with all the special psychological problems that must be dealt with 
in actual classrooms. There is time during the practice teaching experience 
for getting used to actual classes. 

It should be obvious that my own approach to teaching is strongly 
discovery oriented. However, if users of this book who have tried the 
various activities in good faith are still clearly convinced that a discovery- 
oriented style does not suit them, they can use other styles without 
necessarily feeling that they are doing a bad job of teaching. The only 
essential requirement for all teachers is to continue throughout their 
careers to experiment with curricula and techniques and to strive to be 
creative. Creativeness implies a willingness to depart from textbooks, 
lesson plans, and old techniques that you consider good merely because 
they worked once upon a time. 

This book is not intended to be a substitute for larger and more 
complete methods books. Many of them contain quite different kinds of 
information, suggestions, materials, and references. Instead, this book 
should supplement these larger works. In any course it will serve to 
supplement the part that deals specifically with discovery approaches to 
learning. 
Many good, thoughtful articles on the history, philosophy, and methods 
of teaching science have appeared over the past few years. They have 
been published in numerous journals, and access to them is not usually 
easy without a great deal of bibliographic work in major libraries. Many 
methods books have paraphrased and adapted parts of these articles or 
referred to them in passing. I prefer that my own students have access 
to the original literature. Thus, Part Two of this book consists of a series 
of selected readings with some of my own commentary appended. Here 
again, from the selection it will be clear to the reader that my own bias 
is strongly in favor of learning by discovery. I wish to thank the various 
journals and authors who have graciously given me permission to reprint 
the articles included, Specific credits are included in the text. 

Both parts of this book are aimed not only at undergraduate and 
graduate methods students but also at practicing teachers who desire 
to experiment with and improve their teaching. If they use this book 
as a guide in their search for a personal teaching style, their experimen- 


tation can take direction and perhaps be more organized and systematic. 
This book is also intended for 
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At what levels of science education can these techniques be used? 
Modifications of discovery approaches may be used successfully at all 
levels from nursery school through graduate school. The details of treat- 
ment may vary from one level to another, but the total view of science 
as a group of ways of looking at the world around us and gaining new 
knowledge should not change. At the higher levels more sophisticated 
procedures and more detailed coverage of subject matter will be desir- 
able, but the need for treating learning as a process of inquiry remains 
paramount. 

I wish to acknowledge the stimulation and ideas I have received from 
my colleagues at Syracuse University and from the large number of 
undergraduate and graduate methods students and practicing teachers 
I have had the privilege of working with at Syracuse University, during 
the course of numerous methods workshops, and in connection with the 
production and testing of materials for the Earth Science Curriculum 
Project. It is impossible to give adequate credit to all the people whose 
ideas have helped shape my own views, but I wish to thank especially 
John H. Merrill, Robert E. Kilburn, David L. Kendall and Harrie E. 
Caldwell. 


William D. Romey 
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“If we indoctrinate the young person in an elaborate set of fixed 
beliefs, we are insuring his early obsolescence. The alternative is to 
develop skills, attitudes, habits of mind, and the kinds of knowledge 
and understanding that will be the instruments of continuous chal- 
lenge and growth on the part of the young person... . All too often 
we are giving young people cut flowers when we should be teaching 
them to grow their own plants. We are stuffing their heads with the 
products of early innovation rather than teaching them how to in- 
novate. We think of the mind as a storehouse to be filled rather than 
as an instrument to be used.” 


John W. Gardner 
Saturday Review 


Part One 


SEARCHING 
FOR A STYLE 


OF TEACHING SCIENCE 


What Is Science? 


Books about methods of teaching science invariably begin with 

a section that defines “science.” Perhaps this is the best place to begin. 
If you should examine most college science courses, you might have 
to conclude that science is primarily a large body of knowledge. College 
teachers seem willing to accept without any objection the original mean- 
ing of the Latin word scientia; knowledge. Educators believe that begin- 
ning teachers generally imitate the person they consider to have been 
their own best teacher. This often leads to a series of lectures supported 
by a small amount of laboratory work and group discussion. In such a 
framework the teacher becomes a figure of authority, whose main func- 
tion is to dispense knowledge. Teaching is then a matter of the teacher’s 


demonstrating to his students how much he knows. 
A number of years ago, after the author had handed in a mediocre 


report in field geology, the course instructor informed the author that 
geology was more an art than a science. However, as the author con- 
tinued graduate study he found that the courses he took emphasized 
more and more the facts of geology and the conclusions of other geol- 
ogists. As do most students in science courses, he had to memorize 
factual information and then reproduce it on examinations. 


Then the author found he had to work on a thesis project for which 


there was no authority with a set of neatly prepared answers. Most of 
the knowledge he had gained in his courses was useful only as a tool to 
find answers to problems. He had to discover even the problems them- 
selves. How much mental strife might have been avoided had his training 
in course work been aimed more at the recognition of problems, the 
formulation of hypotheses, the gathering and analysis of data, and the 
arrival at conclusions. 


In a sense, the teaching 
art. Some art schools stress t 


of science can be compared to the teaching of 
he history of art, whereas others are more 
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concerned with studio art; actual painting or sculpture. The difference 
between the two approaches is that one produces art historians whereas 
the other produces artists. The same is true of science. At present, many 
of our secondary schools and colleges are teaching the history of science 
rather than science itself. We burden students with factual knowledge, 
but few students get to do science until they reach the level where they 
must write a master’s or doctor’s thesis. Asking a high school or college 
undergraduate to learn science from a book or from a set of lectures is 
a little like asking a music student to learn the notes to a composition for 
the piano before he has been taught how to play the instrument. 

Recent curriculum studies make it clear that young children, even at 
the elementary school level, are capable of doing simple scientific work. 
The word scientific comes from the two Latin words scientia, knowledge, 
and facere, to make. Thus “scientific” refers to the creating of knowledge. 
Students need not wait until graduate school to do scientific work in 
science classes. On the contrary, emphasis on the processes and methods 
of scientists should begin in the elementary school and continue through- 
out the student’s academic career. 

The main problem with which this book deals is how to make the 
teaching of science more scientific. 


| Defining Objectives* 


Before beginning to teach a science course, as in any other 


course, you need a clearly stated set of instructional goals or objectives 


The list you take to the store where you do your shopping is really a 
ега statement of your objectives. Strangely enough, many teachers 
orget that a classroom “shopping list” is badly needed for effective 
teaching. 

Objectives can be phrased in various ways. One category of objectives 


might begin with the following prefatory phrase: 


“ 
My main objectives in teaching science are to... . 


In order to complete the sentence, you might add such endings as: 


І. “earn a living.” 

2. “keep children off the streets.” 

3. “stimulate young minds.” 

4. “cover the course of study contained in the textbook.” 

5. “cover the curriculum prescribed by the state.” 

6. “become qualified for promotion to a supervisory or administrative 

position.” 

7. “be able to keep dabbling in science myself.” 

8. “encourage and train young scientists.” 

9. “help all students become literate in science and competent to per- 
help them to arrive at independent 


form simple scientific tasks; 


conclusions.” 
are not really useful in plan- 


1 objectives and 
On the other hand, we should 


These are broad, genera 
rate. 


ni ; 
Ing exactly how you are going to ope 
of David L. Kendall to this chap- 


ntributions Ке 
Jed to our sitting down together 


versations 
hapter jointly. 


ee 
7 I wish to acknowledge the co 
fer. А number of stimulating con 
and preparing several parts of the с 
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pose the question, “what are my main objectives?” early in the course 
of a teacher preparation program. If you can honestly state objectives 
such as numbers 3, 8, and 9 above, the teaching profession needs you. 

Another kind of objective described in many science education text- 
books is what might be labeled a “teacher objective.” As an introductory 
phrase the following can be used: 


“During the course of this lesson (or unit or laboratory exercise or 
semester) I want to...” 


Examples of terminations for this statement might include: 


1. “show students the parts of a flower.” 
2. “teach students the principle of conservation of mass and energy.” 


3. “demonstrate what happens when chemicals A and B are mixed 
together.” 


4. “give a lecture on subject X.” 
5. “show a film on photosynthesis.” 


Perhaps statements of this type can be useful. However, they are simply 
statements of intention to perform some teaching function for or on the 
class. They tell nothing about what the student will take away from 
the lesson or how you will evaluate specifically what he has learned. As 
such, these are one-way objectives, which are perhaps better performed 
in an empty classroom than in front of live students. 

Far more useful are what are termed “behavioral objectives.” These 
are expressed in terms of the specific behavior a student is expected to 
exhibit after he has completed a unit of study. If you clearly specify the 
nature of the behavior expected, you also make obvious to both yourself 
and to your students the way in which you will be doing your testing and 
evaluating. 

The following are examples of behaviorally stated objectives: 


“After completing the work associated with this unit of study, the student 
should be able to. . .” 

1. “make a leaf collection with all specimens properly labeled.” 

2. “interpret features on a topographic map he has never seen before.” 


3. “analyze the distribution of various kinds of energy in a model dy- 
namic system.” 


Note that action verbs are used in expressing behavioral objectives. 
Some action verbs describe relatively simple, more or less mechanical 
kinds of behavior. Others require a complicated chain of mental opera- 
tions that demonstrate a clear grasp of a major concept. The table below 
lists a few action verbs and separates them into rough categories show- 
ing the relative degrees of sophistication they require. 


© ы 


USEFUL WORDS FOR EXPRESSING OBJECTIVES IN 
BEHAVIORAL TERMS 


The phrase preceding all these verbs is “After completing all the work 
associated with this chapter, the student should be able to...” 


Level 1 Level 2 Level 3 
(simple behavioral (behavior requiring ap- (behavior showing 
objectives) plication of more com- that student has firm 
find plex mental operations) grasp of major con- 
gather data prove е) ф Е к ong: 
i а У a ught) 
investigate organize data 
describe analyze generalize from data 
make apply synthesize 
do distinguish between infer 
compute construct discuss critically 
measure devise a method predict 
prepare plot a graph deduce 

state a problem integrate 


manipulate apparatus 
use 
recognize 


identify the variables 
contrast 


propose reasons and 
defend them 
formulate hypotheses 


examine compare 
identify specify limitations and reorganize 
. recognize and cite assumptions discover 
evidence for suggest manipulate ideas 
classify differentiate 
illustrate relate 
discriminate 
reformulate 
justify 
estimate 
interpret 


The table does not, of course, 
describe kinds of behavior. You wi 
inds of behavior that require ma 
is is not to suggest that memoriz 
facts should be avoided entirely. If y 
Certain things, use the following terms in s 


“О” OBJECTIVES 


inly memoriza 


include all the words that validly 
11 notice that the table omits certain 
tion of textbook material. 
ation of certain key definitions and 
ou wish to have students memorize 
tating behavioral objectives: 


LEVEL 
“After reading chapter X, the student should be able 0... 
recall аена list reasons for 
duplicate define о 
repeat tell 
this point. If you examine a list of be- 


One caution is necessary at 
a science course а 


Vioral objectives for 


nd find that a large percentage 
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of them contain any of the nine verbs or phrases listed above, you should 
re-examine your intentions carefully. If you stress recall behavior rather 
than experimental, observational, interpretive, and synthetic behavior, 
you are not teaching science; you are teaching history of science. 

Avoid one set of verbs altogether in stating objectives. These are verbs 
that, by their very nature, are so vague they give neither teacher nor 
pupil a clear idea of what is meant. Among these completely unaccept- 
able words and phrases are the following: 


LEVEL “NO” OBJECTIVES 


“At the end of this lesson the student should . . .” 


appreciate develop an understanding, appre- 
deal more effectively with ciation of 

understand become aware of 

know 


become familiar with 


have a feeling for create an awareness of 


comprehend 


There is no way to test for “appreciation,” “understanding,” “compre- 
hension,” and so forth. If you mean that you want the student to repeat 
what the book says about a subject, tell him so (and yourself) by using 
the verb “recall.” The verbs listed above are not “honest” words because 
they do not clearly specify to the teacher or student what is expected. 

In order to be completely honest with yourself and your students, 
include within your objectives a statement describing the conditions 
under which you will test for fulfillment of the objectives. For example, 
if you are doing a unit on mineral identification and wish to require a 


certain specified level of performance for a passing grade, you might 
state your objective as follows: 


At the end of this unit the student should be able to describe and 
identify correctly fifteen out of twenty unknown mineral specimens. 
During the examination the student will have access to a set of mineral 


identification tables and standard equipment for determining mineral 
properties. 


With this kind of advance information, both student and teacher are 
at ease because requirements are clearly and specifically stated. 
В. Е. Mager has clearly analyzed the ways of stating objectives behav- 


iorally in a book written in the format of a program. He emphasizes the 
following points: 


1; An instructional objective is a group of words summarizing your 
intentions. 


2. 


You will communicate your ir 
accurately the kind of beh 
end of the course. 
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ntentions to students only by describing 
ауіог you expect them to display at the 


3. In order to indicate accurately what you expect: 


a. Name the behavior required (e.g., identify minerals) 
b. List any conditions (given a set of mineral tables, etc.) 
c. State the criteria for a passing grade (make fifteen out of twenty 


correct determinations). 

4. Write as many objectives as you need. The more clearly stated objec- 
tives you write, the more likely you are to achieve your instructional 
goals. 

5. Give each student a copy of the objectives. If you do this you may 
not have much else to do.! 


Specific behavioral objectives for Inquiry Techniques for Teaching 


Science and for a methods course in which the activities suggested in 
this book are completed will be found on pages 342-343. 


1R. F. Mager, Preparing Objectives for Programmed Instruction (San Fran- 
cisco: Fearon Publishers, Inc., 1962). 


ACTIVITY 4 


І. Write ten behavioral objectives for a unit or units in an eighth 
or ninth grade general science class. Be prepared to defend them orally. 


2. Choose a chapter in any high school or college science text. 
Analyze the chapter to see if the author had clear behavioral objectives 
as he wrote the book. Write a set of behavioral objectives that fit the 
text. If necessary, suggest how the chapter might have been rewritten 
so that it could stress bringing about changes in student behavior. 


3. Choose an activity or laboratory exercise in a high school or 
college laboratory manual. Analyze the exercise to see if the author had 
clear behavioral objectives. Write a set of behavioral objectives that fit 


the exercise. If necessary, suggest ways in which the exercise could be 
rewritten to stress student behavior. 


4. Evaluate the levels of the objectives you have stated in 1, 2, 
and 3 above. (Assign levels 1, 2, 3, “О,” “no” as described in this book.) 


Rewrite each objective that falls in levels “no” or “O” so that it belongs 
to level 1, 2, or 3. 
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Formulation and 
Teaching of Concepts 


ACTIVITY 2 


DO NOT TURN THE PAGE UNTIL YOU HAVE 
COMPLETED THIS ACTIVITY! 


e textbook. Choose one 


Look through a high school ог colleg 
you would teach this 


“concept” from it. Make an outline showing how 


concept. 
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There are various way of organizing scientific knowledge. One possible 
scheme is suggested below: 


observations and facts ——+ concepts, ——————+ conceptual schemes 
(lowest level) generalizations, (highest level) 
principles 


Observations and facts are the basic data we have to work with in 
science. We gather data by looking at things, describing them, and 
measuring them. If the data are carefully gathered, essentially they 
remain forever as useful pieces of information. Qualitative information 
based on a quick look may later be improved by careful measurement 
and quantitative description. Improvements in analytical apparatus or 
in ways of looking at things may even show that data previously con- 
sidered accurate are in error. 

Scientists and science educators argue a good deal over the differences 
between “concept,” “generalization,” and “principle.” In order to avoid 
а semantic discussion which would obscure rather than clarify the point, 
they have been included here in a single category and will be called 
concepts. A concept might be defined by any of the following phrases: 


1. an abstraction that organizes a large number of ideas into a logical 
relationship 

2. the resultant of a generalizing mental operation 

3. a generalization relating the particular to the general 

4. an idea comprehending the essential attributes of a class or logical 
species 

5. ап idea that includes all that is encompassed by a term 

6. а network of inferences based on observation of a variety of objects 

я and events in a variety of ways 

а mental construct (a tight, logical assertion) 

В a theoretical construct (example: the concept of the atom) 


the simplest patterns that help us order the world around us. 
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ACTIVITY 3 


1. Now examine the concept you outlined at the beginning of 
this section. Does it fit any of the nine definitions given above? Does the 
way in which you proposed to teach it lead to student behavior that will 
appropriately demonstrate mastery of the concept? If not, rewrite the 
concept and outline so that they fulfill these requirements: A well-stated 
a generalizing mental operation and should 
suggest a network of ramifications and explanations. Statements that stand 
alone without further explanation generally turn out to be simple matters 
of fact or definitions. A concept should be stated in the simplest and 
briefest terms that will orient the student and the teacher. 


2. Write one or more behavioral objectives that will help you 


lead students to master the concept you have chosen. 


Why is it important to identify concepts in any course before you begin 
hoose to teach should provide basic threads 


g them specifically gives direction to 
important threads will be omitted. 


concept should indicate 


teaching? The concepts you с 
running through your course. Statin 
the course and ensures that none of the 


Reading Assignment: Read and be prepared to discuss the following: 


1. Smith, Н. A., “The Teaching of a Concept, an Elusive Objective,” 
The Science Teacher, XXXIII, No. З (March, 1966), 103-12. (Also 
published as a pamphlet, Stock No. 471-14342, National Science 

Teachers Association, 1201 16th Street, N.W., Washington, D. C.) 

2. Theory into Action, National Science Teachers Association pamphlet, 

Stock No. 471-14282 (Washington, D. C., 1964). 


Conceptual Schemes 


A conceptual scheme is defined in Theory into Action as a “big 
idea” or “a system of facts, principles, and concepts which . . . can be 
organized into a sound learning sequence from simple (capable of being 
taught to very young children) to complex (the level at which ‘current 
problems’ are being researched).” When several major concepts are 
gathered together, a conceptual scheme results. Theory into Action sug- 
gests seven major conceptual schemes into which the committee desig- 
nated by the National Science Teachers Association feels that all scien- 
tific knowledge should fit. These conceptual schemes listed below are 
reprinted from Theory into Action, National Science Teachers Associa- 


tion pamphlet, Stock No. 471-14282 (Washington, D.C. 1964), by per- 
mission. 


I. All matter is composed of units called fundamental particles; under 
certain conditions these particles can be transformed into energy 
and vice versa. 


П. Matter exists in the form of units which can be classified into 
hierarchies of organizational levels. 

ПІ. The behavior of matter in the universe can be described on a 
statistical basis. 

IV. Units of matter interact, The bases of all ordinary interactions are 
electromagnetic, gravitational, and nuclear forces. 

у. 


All interacting units of matter tend toward equilibrium states in 
which the energy content (enthalpy) is a minimum and the energy 
distribution (entropy) is most random. In the process of attaining 
equilibrium, energy transformations or matter transformations or 
matter-energy transformations occur. Nevertheless, the sum of 
energy and matter in the universe remains constant. 

VI. One of the forms of energy is the motion of units of matter. Such 
motion is responsible for heat and temperature and for the states 
of matter: solid, liquid, and gaseous. 

All matter exists in time and space and, since interactions occur 
among its units, matter is subject in some degree to changes with 
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VII. 


time. Such changes may occur at various rates and in various 
patterns. 


The National Science Teachers Association also lists five “major items 


in the process of science.” 


І. Science proceeds on the assumption, based on centuries of experi- 
ence, that the universe is not capricious. 

П. Scientific knowledge is based on observations of samples of matter 
that are accessible to public investigation in contrast to purely 
private inspection. 

Ш, Science proceeds in a piecemeal manner, even though it also aims 
at achieving a systematic and comprehensive understanding of 
various sectors or aspects of nature. 

IV. Science is not, and will probably never be, a finished enterprise, 
and there remains very much more to be discovered about how 
things in the universe behave and how they are interrelated. 

V. Measurement is an important feature of most branches of modern 
science because the formulation as well as the establishment of 


laws are facilitated through the development of quantitative dis- 


tinctions. 


Here then is a suggested set of conceptual schemes that might form 
the apex of a large triangle representing scientific knowledge. However, 
you will not go about “teaching” a conceptual scheme in a single class 
period, a week, a month, or even in a year. These are major ideas that 
should permeate the entire science experience of students throughout 


their school lives. Furthermore, although these particular schemes have 
a group of eminent scientists and science educators, it 


been suggested b 
БЕ А as the only worthwhile con- 


would be a mistake to accept them blindly ‹ 
ceptual schemes. Professor Bentley Glass! in referring to these schemes, 


has stated “they may indeed supply an admirable basis for the organiza- 
tion of the study of physics, and possibly also of chemistry—although 
here I begin to have some doubt; but as a basis for organizing the study 
of the biological sciences they are not helpful—they are positively harm- 
ful.” 

In rebuttal, Morris Shamos, оп 
Action, accuses Glass, a biologist, 


e of those who prepared Theory into 
of “disciplinary bias.”* It is unfortun- 
ate that some of the people involved in preparing Theory into Action 
apparently refuse to accept attempts to increase the number of valid 


conceptual schemes. Аз teachers you should be eager to search out other 
asic conceptual schemes and to make them the most important unifying 


threads of your courses. 


м i ion— itique,” The Science Teach 
1B Лаѕѕ, “Theory into Action—a Critique, І cher, 
ARE flies 1085) 29. (Reprinted on pp. 278-284 of this book. ) 

2M. H Shamos, “The Role of Major Conceptual Schemes in Science Educa- 
tion, The Science Teacher, XXXII (No. 1, 1966) 27-30. 
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The First Task: 
Establishing a Need to Know 


PARABLE 


There once was a farmer from Missouri whose mule could not be per- 
suaded to move. A neighbor, seeing the plight of the farmer, asked if he 
might not help teach the animal some manners. When the farmer agreed, 
his neighbor picked up a large stick and gave the mule a sharp crack on 
the nose. When the farmer protested, the neighbor answered, “I always 
figured that the first thing you have to do if you want to teach a mule 
something is to get his attention.” 


The first task of the teacher is to attract the attention of the student. 
This is true at all levels from first grade through graduate school. An 
uninterested student is the despair of any teacher. In a sense, the whole 
purpose of formal education is to attract the student's attention and 
interest. Once interest is aroused, the student will learn far more through 
his own efforts than you can ever teach him. Learning can occur only 
when the mind of a student is prepared. 

It is essential to establish a need to know before you begin any topics 
in earnest. Any time spent on a science topic—or on any other topic for 
that matter—is wasted until you have made the student want to know 
what you have to say. 

But how can you establish this need? How can you prepare the stu- 
dent so that he is ready to have you communicate with him? After 
examining the behavior and success of many practicing teachers, we 
might ask ourselves whether a need to know can be established by giving 
an introductory lecture or demonstration to introduce a topic. Or can the 
interest necessary to sustain a student through a unit of study that will 
occupy several days of his time be established by assigning some advance 
reading from a cleverly written textbook? 

There is little doubt that a particularly clever lecture, demonstration, 
or passage in a textbook is capable of arousing a certain amount of inter- 
est and need to know. But a more effective way of arousing student 
interest is to conduct a laboratory experiment or discussion that involves 
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students more actively than does listening to a lecture or reading a book. 
We must begin by posing a question that leads the student to the brink 
of an intellectual dilemma, which can only be solved by his seeking for 
answers. 

A lecture that pontifically tells the student a large number of answers 
is not likely to stimulate more than a passing interest. Similarly, a demon- 
stration in which you “prove” something to the student will be unlikely 
to create sustained interest. When the author was a student in junior 
high school, he saw various science “magic” shows that featured elaborate 
demonstrations involving spark-making black boxes, oscilloscopes, and 
various elaborate electronic equipment. Looking back at these experi- 
ences, he realizes that, although mildly entertained by such spectacular 
ction, he learned little or no science and his 
The demonstration that stimulates the 
at asks a question and asks the student 


displays of science in a 
curiosity was only mildly aroused. 
greatest need to know is the one th 


to find the answer. 
One of the best ways to stimulate interest is to offend the student's 


intuition in some way or to confront him with a situation that is not 
readily acceptable. Then the student must be asked to find his way out 
of the intellectual maze that has been set up for him. 

The following demonstration will offend the students’ intuition. At the 
beginning of a lesson on density, they may be shown two beakers, both 
full of a clear liquid that looks like water. Ice cubes are dropped into 
the two beakers. In one liquid (water ) the ice floats. In the second 
(alcohol) the cube sinks. Discussion centers around the reasons for this 


peculiar behavior of ice in “water. О 
Another example of how to offend the student's intuition is a laboratory 


demonstration in which the teacher pours purple cabbage juice into sev- 
eral apparently empty test tubes. Suddenly in one tube the purple juice 
turns yellow, in another it turns green, and in yet another bright red! 
Discussion ultimately leads students to the conclusion that there must 
have been some colorless substance in the test tubes that caused the 
Purple juice to change color. This can be the beginning of a profitable 
week-long study of chemistry with emphasis on pH, indicator solutions, 


and so forth.2 ЭИ ы | 

Virtually any unit in science can begin with some intuition-offending 

demonstration, statement, or exercise that will grasp the attention of your 
ation, sta 1 


Students. Also, either of the demonstrations used as examples could have 


о ways of presenting this kind of activity— 
and the other by an open-ended discussion 
“The Death of an Investigation,” 


1An interesting discussion of tw 
one by an authoritarian approach fe 
and class activity is given in R. Samples, 


тарп 950-256 of this book. | | 
ше ш. aoe demonstrations and suggestions can be found in 


W. Thurber and R. Kil ring Science, Teachers’ Editions of Books 


7, 8, and 9 (Boston, Mass.: 


burn, Explo 
Allyn and Bacon). 
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been presented in a conventional, expository fashion. In the ice-cube 
demonstration or the cabbage-juice experiment the students could have 
been told in advance what to expect. That would have eliminated the 
need-to-know factor by telling the students what would happen rather 
than asking them to puzzle out the problem. 

A discussion or short lecture without any accompanying demonstra- 
tion can, however, be used to offend student intuition. John Merrill, a 
junior high school teacher with whom the author has worked, began a 
unit on astronomy by building up a scheme that made the sun, moon, 
planets, and stars all appear to revolve around the earth, as in Ptolemaic 
theory. Merrill’s students listened to the presentation and then began to 
do laboratory work that somehow did not seem to agree with what they 
had heard. Gradually the students began to mutter about something being 
wrong. Finally the whole class became openly irate and challenged Mer- 
rill with a substantial number of considerations they felt indicated that 
he was in error. He had led them to the point he wished to make by 
advocating the Ptolemaic system and then helping them to disprove it 
through the laboratory activities that followed his introduction. 

Films, filmstrips, and overhead transparencies are also good devices 
for establishing a need to know at the beginning of a unit of study. 
They cannot, however, be used in quite the conventional ways. Most 
films, to be used effectively in establishing a need to know, should be 
used with the sound track turned off. Or the teacher must switch the 
projector off at key points to bring in class discussion. 

In summary, the need to know—which is essential at the beginning of 
any learning situation—can only be established by asking questions that 


your students must answer through discussion, experimentation, and 
reading. 
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ACTIVITY 4 


ЧЫ ew © 

1. Prepare a brief introduction-that-will offend the intuition of 

your listeners in such a way as to establish a need to know. Teach this 
introduction to the members of your class. You may use a discussion, 
laboratory exercise, a demonstration, or even (as a last resort) a lecture. 
2. Write behavioral objectives showing what behavior you intend 


to elicit from the students. 
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The Role of Activities and 
Laboratory Exercises in 
Science Classes 


Traditionally science classes at all levels have consisted of lecture 
and discussion groups as well as of a separate laboratory period once or 
perhaps twice each week. In some schools a double period is available 
for laboratory work. | 

Teachers normally use a textbook as the central point of focus for their 
courses. A supplementary manual or workbook used in conjunction with 
the laboratory may be more or less related to the textbook and lectures. 
The text and teacher assume the roles of authorities and dispensers of 
information. The laboratory commonly is a place where students prove 
the theories proposed by the teacher and the textbook. Workbook exer- 
cises are mainly concerned with vocabulary drill rather than with scien- 
tific processes, 

This approach to science teaching is, in the author’s opinion, the very 
antithesis of true science. Science is an experimental, observational, 
laboratory-oriented discipline. Effective courses in any subject should as 
faithfully as possible reflect the nature of the discipline. Thus effective 


science courses should be laboratory centered rather than text or lecture 
centered, 


films laboratory lecture text 
(confirmatory) 
INFORMATION LABORATORY; 
(lectures and ACTIVITIES, 
textbooks) INVESTIGATION, 
discussion tests discussion films 
Traditional Course Science Course 


(History of Science) 
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Whenever possible, introduce topics in the laboratory. Effective labo- 
ratory activities may be set up in roughly the following manner: 


Pose a problem. 

Establish an experimental design aimed at solving the problem. 

Have students gather data related to solution of the problem. 

Have students graph, study, and interpret their data. 

Have students generalize on the basis of their data. 

Proceed to a group discussion of the meaning and limitations of the 

data, the relationship of the data to other problems, and so forth. 

7. If enough interest has been generated and there is sufficient demand, 
a short lecture might even be in order at this point. 

8. Related readings in a textbook take on genuine meaning now that 

they can reinforce and augment the results of the student’s personal 


PWR оюк 


experience. 


Above all else, the student's initial generalization should be the result 
of his own reasoning. He must have no preconceived ideas forced on 
him by textbooks or teacher. Some students may already have precon- 
ceived notions (some of them partially or wholly incorrect) from earlier 
courses. If this should happen, you as teacher must lead your students 
to trust what they do and see in the laboratory rather than what a text- 
book tells them they should believe. 

Not all science topics, particularly in the natural sciences, lend them- 
selves to experimental procedures. In biology and the earth sciences we 
arrive at many answers through careful observation of natural events. 
The principles of classification of animals, plants, rocks, and minerals 
become important. In order to teach students to observe, classify, inter- 
pret behavior, or reconstruct geologic circumstances, we must make it 
possible for students to step into the shoes of the biologist, geologist, 
meteorologist, or astronomer. Once again, we must pose problems— 
observational this time rather than experimental—and ask students to 
gather and interpret basic data. Rather than tell a student the function 
of a certain organ in an animal or plant, we must (whenever possible ) 
allow him to discover it for himself. 

You probably now are wondering how we can expect students to dis- 
cover everything in science. Obviously it would be foolish to neglect all 
Previous scientific work and require students to recreate man’s scientific 
experiences of the past three-hundred years. As scientists make new dis- 
СОуетіеѕ, they give abundant credit to their predecessors and point out 
that recent conclusions would have been impossible without the founda- 
tion provided by earlier workers. Indeed, part of science teaching in- 
volves helping students learn how to use previous work—how to stand 
Оп the shoulders of scientific giants of the past in reaching for new 
knowledge, This subject will be further treated in the section entitled 
“The Role of Textbooks.” 

S.C.ER.T,, Wes Beng 
Date... 1- 6 Т 
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Structured Versus 
Unstructured Activities 


d 
lag cesta ions that lea 
In a structured activity the student is given instructi 

him through 


г ilts. 
in specific resu 
a procedure designed to produce ы апа рго- 
At their worst such exercises are so involved with ins 
cedural detai 


ing to 

he was trying 
Is that the student loses track of what 
Prove even if he со 


Structured labor. 


At the сопс] 
and summariz, 
whose data d 


less procedu: 


be “wrong’ 
actually right? Or are conflicting sets of data 
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A well-designed structured activity should do the following things: 


1. Pose a problem. 

2. Suggest a procedure for gathering data. (Procedure may be specified 
in great detail or only generally discussed. ) 

3. Allow the student time to gather the data in the way prescribed. 

4, Require the student to organize his data in both tabular and graph- 
ical form whenever possible. 

5. Require the student to answer a series of questions about his data. 


6. Require the student to generalize on the basis of his data and to be 
prepared to defend his generalizations in front of the class. 


On the other hand, let us examine the unstructured activity. A com- 
pletely unstructured activity merely poses a problem and then allows 
the student complete liberty to devise his own procedure, organize his 
own data, and arrive at his own generalizations. The success of this 
approach depends on three things: 


Properly stating the problem. 

Having the class properly prepared to work in this manner. 

Knowing how to lead the class by appropriately inserted suggestions 
and questions. 


ee 


Proper use of unstructured activities can lead to the most exciting 
kinds of science experiences for both teacher and pupil. In such activities 
the student comes closest to following methods a scientist might use, and 
the possibilities for student discoveries are greatest. 

Some topics lend themselves well to an unstructured approach, ‘The 
teacher of a class investigating the effect of color on peripheral vision 
e question on the blackboard, furnished protractors and 
and let the students “structure” their own labora- 
rocedure was simple enough, so that the class 
members had no difficulty making up their own experiments. Sie 
single problem is approached by students using several — kinds 
of procedure, interesting conflicts of data may arise. ery ese е 
flicts can lead to excellent post-laboratory discussions and the propnse 
of new procedures to obtain definitive answers. сон ки 
lead to the posing of subsidiary problems that may excite and stim 
students to work on small research problems of their mie ак 

Other problems may not lend themselves to an арбоо їп on ye 
student devises his own procedure. A way around this pro 


follow the plan suggested below: 


merely wrote th 
paper of various colors, 
tory. The problem of p 


before the experiment is to be conducted. 


1. Pose the problem the day теа 
2. Tell the students specifically 


in the experiment. 


what equipment will be avail 
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3. Ask the students to come to class the next day ready to suggest a 
tentative procedure. 


4. At the beginning of the laboratory period ask the students to propose 
various procedures. 


5. Through discussion, have the class decide on a procedure, or possibly 
two or three alternative procedures, which they might try for the 
experiment. You, as teacher, may want to throw in a comment from 
time to time, but be sure not to impose any procedure on the class. 


6. Allow the students to proceed with the experimentation. 
7. Hold a class discussion of results when experimentation is complete. 


How do you go about preparing your class to do unstructured labora- 
tories? It is unlikely that you will inherit a class already used to this 
kind of procedure. If you do, however, you can expect a pleasant and 
profitable year. (It pays to know just how students in earlier grades are 
taught in your school.) More likely you will have to train your own stu- 
dents. Many junior high school, high school, and even college students 
have never had the opportunity to handle laboratory apparatus. With 
such students or with students who are used to step-by-step directions 
you would be well advised to begin with labs that spell out procedures 
in moderate detail. Even the early labs should be open-ended, however. 
The student should not know in advance what his conclusions will be. 
Gradually, over the first few weeks of your course, reduce the structure 
of the laboratories as your students become progressively more self- 
sufficient and more willing and able to hypothesize, try modifications of 
specified procedures, and generalize on the basis of their own data. The 
next step in training a class to do unstructured labs is to let the group 
agree upon a procedure. Introduce a completely unstructured laboratory 
exercise from time to time to see how the group operates. You will 
probably want to use some structure in laboratory activities even after 
your class is well trained in working out their own procedures. 

The particular schedule you wish to follow may dictate how often you 
can use purely unstructured laboratory exercises. In many situations it 
will take a class longer to do an unstructured activity than to do a 
structured one, although some activities may actually ‘go faster if the 
students are not burdened with a large number of unnecessary instruc- 
tions. Another risk of using unstructured activities is that the class may 
go in a direction different from the one you had intended. If they do, 
you should let them carry their investigation to its logical conclusion, but 
then later you will have to backtrack in order to lead the class to some 
generalization missed on the way. You will probably cover less ground 
if you use a large number of unstructured activities. On the other hand, 


though, the scientific skills developed by your students may be th 


at much 
greater. 
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How Often 
Should Activities Be Used? 


In the author’s personal opinion at least half of the class time 
should be spent on activities and laboratory exercises. While students 
are doing things, the likelihood of their learning something is greatest. 

Some teachers protest that the physical layout of their classrooms 
does not permit them to run an extensive laboratory program. Generally 
this is an excuse rather than a valid reason. One very highly activity- 
Oriented program known to the author is taught in a normal classroom 
equipped only with a few movable tables and very few of the “essential” 
furnishings most people think of as requirements for a “laboratory.” 

Other teachers protest that a forty- or forty-five-minute period is not 
long enough for laboratory exercises. Yet with proper planning, exciting 
activities can be planned for a normal classroom and for a class period 
of normal length. There is no need to complete an activity during a 
Single period. Useful activities may stretch over several days. Professional 
scientists stretch experiments and investigations out over long periods of 
time and are often interrupted, but this does not prevent them from 
experimenting. The same is true for secondary school and college students. 
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Functions of the Teacher 
During Laboratory Activities 


Before a laboratory activity the way must be prepared by the 
statement of the problem. Pre-lab discussion must arouse student interest. 
Asking students to plan their own procedures is one way of doing this. 
Using a demonstration to confront the students with intuition-offending 
relationships is another. 

In a good activity most of the teacher's work must be done before and 
after the actual class. Proper equipment must be made available. This 
requires a considerable amount of advance planning. It may be a matter 
of bringing in some cut flowers for a botany exercise, acquiring some 
sand for a geology lab, borrowing or ordering certain kinds of glassware 
for chemistry or physics, or making advance arrangements for a field 
trip. The wise teacher searches for ways to have his students find and 


bring necessary materials from home whenever possible. This procedure 
has a dual function: 


І. It relieves the teacher of time-consuming outside work. 
2. It further involves the student (and perhaps his parents as well). 


During an activity you become a director of research rather than a 
teacher in the traditional sense. Your function is to discuss problems 
with individual students and groups as they request help, to recommend 
modifications of procedure, to encourage, to ask pointed questions, to 
challenge techniques, hypotheses, and generalizations, and to praise for 
work well done. 

After the activity, in post-lab discussions, ask students to propose 
answers and to present results. Be prepared to direct the students to 
related literature and to appropriate textbook readings. You may want 
to show your own results from the same experiment and thus assume the 
role of fellow investigator. Or you may select results from technical 


papers to determine if results differ with more sophisticated equipment 
and procedures. If so, analyze the reasons for differences. 


Most important of all, as research director you must remain in the 
background during the lab work. Your students are the principal 
investigators; you are there only to help, to challenge, and to 
oversee. 
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ACTIVITY 5 


1. a. Choose a laboratory exercise from a high school or college 
laboratory manual. Analyze the structure of the exercise. If it is “closed” 
(answers known in advance), rewrite it so that it is “open-ended” 
(answers to be learned through the activity ). 

b. If the activity is structured but open-ended, rewrite it in 
unstructured form. Be prepared to defend your rewrit- 
ten version. 

с. If the activity is unstructured, rewrite it in structured but 
open-ended form. 


2. Write a structured laboratory exercise on a science topic. 
Include notes on planned pre-laboratory and post-laboratory discussion, 


necessary equipment, and so forth. Be prepared to teach the activity to 
a practice class. 


3. Write an unstructured version of the exercise prepared for 
paragraph 2 (above). Include notes on pre-laboratory discussion, post- 


laboratory discussion, and equipment. Be prepared to teach your activity 
in this style also. 


4. Write detailed behavioral objectives for the exercises you 
prepare. 


(For numbers 2 and 3 above, make sure your pre-lab discussion notes 
include comments on how you will establish a need to know.) 
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Field Trips 
in Natural Science 


In general science, biology, and earth science courses, students 
should have the opportunity to make field observations. Field trips 
enable students to integrate into a total picture what they know about 
isolated parts of their environment. 

Plan field trips that require a maximum amount of student involve- 
ment. Commonly, teachers use field trips to show students various natural 
features, The field trip under those circumstances simply becomes an 
outdoor lecture. Guided tours do not take full advantage of the poten- 
tial inherent in field trips. 

Any good field trip should be centered around a specific problem 
or problems. An effective trip should not involve many different prob- 
Otherwise the attention of the students is 
not sufficiently concentrated. Have students gather field data in the same 
way as does a professional field biologist or earth scientist. In biology, 
many ecology problems lend themselves well to working field trips. In 
earth science the following may be given as examples of useful problems 
for field studies: measuring stratigraphic sections, making simple geologic 
maps, and making quantitative studies of factors involving stream 
velocities. 

If the field trip does not have as an important goal the gathering of 
basic data, it may as well be eliminated. Students should do the things 
that professional field investigators actually do. 


lems at the same time. 


ACTIVITY 6 


Write a detailed proposal for a biology or earth science field 
trip. Pose a problem first, specify what kinds of data students will be 
expected to collect, and tell what you expect to have them do with the 
data. Be prepared to take a test class or some of your colleagues on the 
trip to evaluate its worth. Write behavioral objectives for the field trip. 
State the concepts you want the field trip to reinforce. 


НАЗА / WWE HAD A OUR TEACHER TOOK US ON A 


© GOOD TIME АТ FIELD TRIP...WE WENT OUT, AND 
SCHOOL TODAY.. WE SAW THIS GREAT BIG FIELD 


IT WAS A REAL FIELD, AND 
WE SAW IT! WE STOOP RIGHT 
THERE, AND WE SAW THAT FIELD! 


DO YOU THINK Y I DOUBT IT..WHEN 
YOU'LL BE GOING] YOU'VE SEEN ONE 
ON ANY MORE | FIELD, YOU'VE 
FIELD TRIPS? | SEEN THEM ALL 


© United Feature Syndicate, Inc., 1966. 
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Invitations to Inquiry 


Professor J. J. Schwab of the University of Chicago has proposed 
the use of a discussion device he calls an “invitation to inquiry.” In a 
discussion of this type the teacher provides his students with a limited 
amount of basic data or evidence and then requires the students to 
interpret the data or to reason out a solution to the problem posed. 

This is a particularly attractive instructional device because it gets 
right at the heart of the process of science. Experimenting and gathering 
data are essential to a science course and are usually interesting to stu- 
dents. However, they do require a lot of time. Furthermore, equipment 
problems for some experiments become virtually insurmountable. In an 
invitation to inquiry the student has a problem posed to him, but a set 
of data are furnished immediately. The essence of an invitation to inquiry 
consists of interpretation, generalization, and conclusion. The procedure 
is truly “scientific,” and yet much time can be saved by eliminating the 
actual gathering of data. 

Interpretation of the data is most satisfactorily done in a group discus- 
sion. First of all, set up the problem to be examined. Then provide a set 
of data relating to the problem. Next, encourage students to argue with 
you and with each other. The teacher, as discussion leader, should play 
the role of devil’s advocate. It is important to keep the group discussion 
confined more or less to the topic. Let the class as a group develop its 
own chain of reasoning and interpretation as it seeks to generalize from 
the data provided. Students thus have the opportunity to discuss and 
argue over the meaning of data, just as practicing scientists do at their 
own professional meetings. 

In order to set up the problem, tell a short anecdote or story to arouse 
the curiosity of your students. The data can be furnished in various ways: 


1. Use an overhead projector to flash a data table, graph, or picture onto 
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the screen. Then ask a leading question or two to touch off the dis- 
cussion. 


2. Put the data on a blackboard. 


3. Use Kodachrome slides to show a rock outcrop or some biological 
relationship. Instead of telling the students what the slide represents, 
ask them to interpret and explain what they see. 


4. Use short clips from motion pictures to show some dynamic relation- 
ship. Film loops also serve this purpose admirably. 


Be careful not to assume the role of the person with all the answers. 
Be continually alert for any alternate explanations of the data that do 
not coincide with your own explanation but may be partially or entirely 
valid nonetheless. 

Where can you get data suitable for invitations to inquiry? If you 
teach biology, The Biology Teachers Handbook is especially useful.1 
Professor Schwab and colleagues give detailed instructions about how to 
conduct a large number of invitations to inquiry. Several exercises in the 
course produced by the Earth Science Curriculum Project (ESCP) lend 
themselves to treatment as invitations to inquiry.” 

You do not need any special source for information. Virtually any 
graph, data table, or diagram in almost any textbook, technical journal, 
or popular science magazine can furnish material for an invitation to 
inquiry. Draw the graph on a blackboard or prepare a transparency for 
an overhead projector. Make sure that any explanatory clues to interpre- 
tation found on the diagram are removed before you begin. Remember 
that your whole purpose is to get your students to do the explaining. Tell 
your class at the beginning what the problem was, how the data were 
gathered, what equipment was used, and so forth, and they will eagerly 
proceed to attack the problem of interpreting the data. 

How often should a teacher use invitations to inquiry? This depends 
of course on many factors, Using such discussion techniques frequently 
—perhaps once a week—seems best. You may want to set up a regular 
day each week for an invitation to inquiry. The topics chosen for invita- 
tions should be carefully selected so that they will develop an important 
generalization related to your course objectives. Students should have 
had little or no advance reading on the topic selected. If they have too 
much prior exposure to the topic, they will parrot what a book says 


rather than abandon themselves to the joys of a heated discussion based 
on the data. 


1]. J. Schwab, The Biology Teachers Handbook (New York: John Wiley 
& Sons, Inc., 1963). 


2Investigating the Earth (Boston: Houghton-Mifflin, 1967). 
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ACTIVITY 7 


Prepare an invitation to inquiry on some topic in science and 
teach it to your class. Write a detailed outline showing how you plan 
to conduct the invitation. Specify your behavioral objectives for the 
invitation. State the concepts you are dealing with. 
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Simulation: The Use 
of Games in the Classroom 


Educators have recently shown much interest in the use of 
simulated situations to promote student interest and classroom participa- 
tion. Carlson describes a number of games used in history, political 
science, business, mathematics, and other courses.! Some of these are 
not unlike a game of Monopoly. Others become as complicated as the 
elaborate war games used by the military. Games are being used more 
and more at all levels, from kindergarten to graduate school. 

Is there anything useful in this idea that we in science might adopt 
for our own purposes? Can simulation problems provide an element of 
“need to know” that will be worthwhile? 

The following will serve as examples of potentially useful games: 

1. Trip to the moon (suggested by Mr. Roger Williams): In one 
version of this game students are told that at the beginning of the game 
they will be “landed” on the moon and that they will have a limited time 
to take whatever notes they wish and to collect a limited number of 
pounds of samples to take back to earth for analysis. Students are briefed 
about where they will be landed. Small teams of students are then sent 
behind screens where they find an array of rock and soil materials and 
perhaps some photographs or a plaster or cardboard model of the area 
where they are supposed to have landed. At the end of their “visit” to 
the moon the returning teams are then put into separate corners of the 
room where they are asked to determine exactly where they actually 
landed. They are also asked to study their materials, to produce as com- 
plete a description of the moon’s surface as possible, and to formulate 
a set of hypotheses about the origin of the surface materials and of the 
landscape features. Each “landing site” should contain slightly different 
objects for study. The landscapes should differ, and each site should 


1Elliot Carlson, “Games іп the Classroom,” Saturday Review (April 15, 
1967), pp. 62-64, 82-83. 
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contain more rock samples than the students are allowed to “take back 
to earth” for study. Then each team is asked to report its findings to the 
entire class. The findings of the various teams will be different, and the 
questions should arise: Who is right or who is most accurate or are 
the areas really as different as the various teams have suggested they 
are? Later, a referee or referees can assign point values to determine 
which teams have performed best. 

As an exercise for an earth science or general science class, such a 
game can integrate problems like rock sampling, description and identi- 
fication of rocks, description and identification of landforms, description 
of climatic features, examination of materials for traces of microscopic 
life, solution of various problems in astronomy, and many others. Such a 
study can then be continued with examination of geologic maps of the 
moon. These are available from the U. S. Geological Survey. 

2. A similar game used in a college geology laboratory and 
suggested by Mr. Richard Kroll involves dividing a class into oil prospect- 
ing teams provided with geologic maps, groups of rock samples, and a 
cardboard model from which to extract drill cores. Purchase of leases, 
choice of drilling sites, and other problems faced by petroleum geologists 
are part of the game. Winners are the team members who first bring in 
a major oil well. This game integrates many aspects of the study of rocks 
and maps and also introduces the nature of some practical problems 
faced in petroleum exploration. 

3. Mr. William Garrabrant suggests a weather-plotting exercise 
in which students are assigned to a fictitious central weather bureau 
office and periodically receive reports of changing weather conditions 
from a number of outlying meteorological stations. Students are asked to 
plot incoming data and to make predictions about future weather condi- 
tions as more and more data become available. Points can be assigned 
to teams whose predictions are most nearly correct. 

Many other such games could be proposed that would place students 
into situations involving applied physics, chemistry, or biology. The 
possibilities are limited only by your own imagination, 
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ACTIVITY 8 


1. Prepare a classroom game involving the use of a situation 
leading students into practical problems that might be faced by a work- 
ing scientist. The problem may involve either “pure” or “applied” science. 
Set up a point system for determining a winner. 


2. Assign to a group of your students or peers the task of playing 
the game to test its workability. 


3. Write behavioral objectives and concepts for the game that 
you design. 


(If you are in an organized methods course, your instructor may choose 
to assign particular fields of science to various students in the class.) 
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Lectures in Science Courses 


AVOID THEM! 


9 It is unfortunate that lectures as a method of teaching are deeply 
ingrained in the fabric of our educational system. The most common 
justification for lecturing is that a lecture is the most economical way 
of getting a large amount of information across to a large group. Also, 
in lectures more ground can be covered. 
The practical consequence of extensive lecturing is that virtually 
stays across for very long. Even the most 


nothing you “get across” 
complain about the blank stares they observe 


dynamic lecturers often 
on the faces of listeners. Various educational authorities have estimated 


that much less material can be covered in a pure laboratory and activity 
program than in a lecture program. This kind of statement is deceiving. 
If we examined regression (forgetting ) curves for the two methods, we 
would probably find something like the curves shown below: 
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(In the above diagrams, 
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of material covered in two courses 
much more material is covered in a lecture approach 
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amount is retained. On the other hand, when the 
involved in experimentation and have derived 


Thus, although 
a relatively small 
students are constantly 
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many of the basic generalizations for themselves, the amount of regres- 
sion (or forgetting) is significantly less. Although more may be covered 
by lectures, it is not only possible, but even likely, that at the end of a 
year or so more total information is retained from the laboratory approach 
than from a lecture approach. 

Unfortunately, very little quantitative work has been done by science 
educators to show what actually happens. Many variables come into 
play, and subsequent detailed work may prove that those who believe 
in an activities approach are wrong. Experience with the new laboratory- 
oriented science curricula (Biological Sciences Curriculum Study, Phys- 
ical Sciences Study Committee, Chemical Education Materials Study, 
Chemical Bond Approach, Earth Science Curriculum Project) however, 
seems to bear out the importance of laboratory work in science courses. 

Concerning behavioral skills—manipulation, analysis, and synthesis— 
few science educators would deny that these are generally developed 
only through practice, and few educators would claim that listening to 
lectures promotes development of these skills, which many scientists and 
science educators consider among the most desirable in a scientifically 
literate student. 

Must lectures be eliminated entirely? The author would not be so rash 
as to suggest this. When a working scientist hears a lecture on some 
aspect of science that especially interests him, he may profit greatly from 
the lecture because, although he is not physically duplicating the efforts 
of his colleagues, he is still intellectually involved in analysis of his 
colleagues’ data and conclusions. He is carrying on a sort of mental 
invitation to inquiry.” 

Members of a class may become so much interested in a particular 
topic that they will beg for additional information. The students’ active 
desire to have lecture materials presented should be a clue that a short 
talk on the subject may be in order, If you do lecture, however, invite 
student interruptions and ideas. Avoid the dogmatism that many lecturers 
show, or you may undo some of the good work that your laboratory and 
activity program has accomplished. It is wise to keep lectures reasonably 
short. Hour-long lectures are likely to become taxing on high school 
students, college students, and even on professionals. 
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ACTIVITY 9 


After what has been said above, you didn’t really expect I would 
ask you to prepare a lecture, did you? 
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The Role of 
Textbooks in Science Teaching 


In science there is no absolute truth. The degree of truth of a 
Proposition usually is proportional to the number of pieces of supporting 
data that serve as evidence in favor of the proposition. Even the great 
laws” of physics are periodically doubted. Newtonian physics was con- 
Sidered adequate for many years to explain the behavior of important 
segments of our world. Then Einstein and others theorized about curved 
space. The old “truths,” although they still can be used as models to 
help explain many physical phenomena, are not universal. 

The average textbook is a compendium of scientific conclusions with 
few supporting data and few references to the original scientific work 
that led to the conclusions. Following such a textbook chapter by chapter, 
question by question commonly leads to authoritarianism on the part of 
the teacher and to blind acceptance and rote learning on the part of the 
Student. Strict adherence to а textbook leads students to think that science 
comes from textbooks rather than from observation, experimentation, 


data analysis, and conclusion. The uncertainties built into scientific con- 
ally mentioned. 


clusions are generally only casus 
Textbooks, of course, have their uses, but they must be used intelli- 
exactly what the role of the textbook 


gently. The teacher must analyze 
valuate periodically just how well 


will be in his course, and he must ге-еу 


the textbook is serving him. 
One way to diminish the 
textbooks simultaneously. 
same book to all students, 
different textbooks. Have some 
still others a third, and so forth. 


problem of authoritarianism is to use several 
Instead of assigning the same pages in the 
assign parallel reading from four or five 
students read one text, others a second, 
Set up class discussions in such a way 
that differences in viewpoint, approach, and even conclusions are brought 
out by the students rather than by you. Confront the students with con- 
flicting views whenever possible so that they are forced to look for ways 


of resolving such conflicts. 
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Wherever possible it is important—even on the lower secondary level— 
to have copies of original scientific papers on various classroom topics 
available for the students. Unfortunately, the technical vocabulary of 
many such papers is beyond the comprehension of high school students 
(and commonly even beyond the comprehension of scientists in other 
specialties). Articles in such journals as Science, American Scientist, and 
Scientific American can be used to good advantage. Even when technical 
vocabulary is a problem, give your students the opportunity to see how 
working scientists interweave their own ideas with those of other scien- 
tists. 

Proper use of text materials makes it possible to help students discover 
that important ideas are made up of many small discoveries. It is true 
enough that students cannot recreate all science in the laboratory. The 
most illustrious scientists are the first to acknowledge their debt to 
previous knowledge. Most scientists who make important discoveries 
recognize that in order to reach them they have stood “on the shoulders 
of giants.” 

Textbooks need not be authoritarian. Unfortunately, few existing text- 
books have found the formula for nonauthoritarian approaches.1 The 
most valuable kind of textbook is one that serves as a study guide, 
furnishing raw data wherever possible and inviting student interpretation 
rather than imposing author interpretation. References to original litera- 
ture should be abundant. 

Many textbook writers use other textbooks as the primary references 
for their own books. Few modern writers go back to original sources to 
see what new interpretations can be made. Erroneous ideas introduced 
in one textbook are often quoted in new texts and thus become per- 
petuated. 

In this age of computers and elaborate, inexpensive copying machines 
the whole nature of the publishing industry may shortly be undergoing 
a drastic change. Most textbooks contain some good material and some 
that is of little value. Furthermore, what is useful text material for one 
teacher is less useful for another. Copyright laws have made it difficult 
to use parts of several different textbooks without making a large invest- 
ment in a huge number of books. The new technology and copyright law 
revisions may soon make it possible for a teacher to select the best 
chapters or pages from several different textbooks and also original 
articles from the scientific literature and have all of these bound into 
textbooks that are custom-built for each teacher. 


1For a notable exception among college texts see Eric Rodgers, Physics for 
the Inquiring Mind (Princeton, N. J.: Princeton University Press). 
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ACTIVITY 10 


TEXTBOOK ANALYSIS 


1. Choose any science topic of interest to you. Select at least 
five different beginning science textbooks. Compare and contrast the 
treatment of the topics you have chosen. How has each author dealt 
with the topic? What references to original sources have been made? 

2. Seek out some original sources in scientific literature. How 
do they deal with this same topic? How much literature on the topic is 
available? 

3. Outline a new text treatment on this same topic. Be prepared 
to explain and to defend your treatment of the topic as compared to the 
treatment used by the five authors whose texts you analyzed. 


43 


Quantitative Analysis of 
Textbooks and Laboratory Manuals 


Most teachers become involved at some time in the choice of 
textbooks and laboratory manuals or workbooks for their courses. The 
teacher of a discovery-oriented course must learn to recognize the text- 
books or parts of textbooks that lend themselves well to this kind of oa 

Simple reading of a textbook is not sufficient to bring out the good 
and bad points in any kind of quantitative way that will help the teacher 
make a clear choice of the book that best suits his purpose. One of 
the worst traps a teacher will face in choosing a suitable textbook is the 
physical layout and design of the book. Book publishers recognize the 
sales appeal of books that are physically attractive. Consequently, it is 
easy to be seduced by the external form of a book. Some of the worst 
textbooks have worn the prettiest coats. ; 

Following is a sample sheet for quantitatively rating textbooks or single 
chapters of textbooks on the basis of their content. It shows how all the 


data for a given book can be combined so that a quantitative rating can 
be obtained for any book analyzed. 


RATING THE TEXT 


1. Randomly select and mark ten or more text pages from various 
parts of the book. 


2. Read a block of twenty-five sentences on each of the marked 
pages and assign each sentence to one of the categories listed below. 
(If the page contains fewer than twenty-five sentences of normal text, 
continue on to the next page.) Do not include headings, figure captions, 
summary questions, or chapter introductions in your sample. Begin with 


the first new paragraph on the page. Your sample may thus span parts 
of more than one section. 
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КАТІХС CATEGORIES 


a. 


b. 


Ў 


Statements of fact. A statement of fact is defined for our 
purpose as a simple statement presenting a piece of data 
or an observation made by someone other than the stu- 
dent. Examples: (1) Red Lake is 200 feet deep; (2) The 
moon goes through all its phases in twenty eight days; 
(3) A cat eats mice; (4) When hydrochloric acid is placed 
on calcite, a reaction takes place in which carbon dioxide 
is formed; (5) Bees have stingers. 

Stated conclusions or generalizations. A conclusion is de- 
fined for our purposes as the author's stated opinion about 
the meaning of or the relationships between items in a 
series of facts. Examples: (1) From their physical charac- 
teristics we conclude that whales are mammals; (2) Con- 
vection currents in the earth’s mantle probably account 
for the subsidence and uplift of large parts of the earth’s 


crust. 


. Definitions. 
d. 


е. 


Questions asked but answered immediately by the text. 
Questions requiring the student to analyze data. 
Statements requiring the student to formulate his own 
conclusion. 

Directions telling the student to perform and analyze some 
activity; statements posing problems to be solved by the 


student. 


. Questions that are asked to arouse student interest but 


are not answered immediately by the text. 


i. Sentences directing the reader to look at a figure; pro- 


cedural instructions in activities; sentences not fitting any 
of the above categories. 
Rhetorical questions. 


3. Calculate the index of student involvement for the text: 


e+f+g+h 
a+b+ce+d 


Items a, b, c, and d do not require student involvement or use of 
scientific skills. A large number of items included in these categories 
tends to make a book authoritarian and noninvestigative. On the other 
hand, a large number of items falling into categories е, Ё, g. and h is 
characteristic of a book suitable for use in a discovery-oriented course. 
If you have difficulty deciding whether to put an item in category a, b, 
©, or d, make a quick judgment. The important distinction to be made 
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is to separate accurately sentences that would fall into categories a, b, с, 
and d from sentences that would fall into categories e, f, g, and h. Cate- 
gories i and j have no real bearing on the usefulness of the book in a 
science course and can thus be eliminated from consideration. 


RATING THE FIGURES AND DIAGRAMS IN THE TEXT 


Randomly select ten figures or diagrams in the book. 


Analyze each figure or diagram and assign it to one or more 
of the following categories: 

a. Used strictly for illustrative purposes. 

b. Requires students to perform some activity or to use data. 
c. Illustrates how to set up the apparatus for an activity. 
d. Fits none of the categories above. 


Calculate the index of student involvement for the figures 
and diagrams: 


RATING THE QUESTIONS AT THE ENDS 
or TEXT SECTIONS AND CHAPTERS 


1. 


Randomly select ten questions at the ends of ten different 
chapters. 


Assign each question to one of the following categories: 


а. Answer can be obtained directly from the text. 
b. Definition. 


с. Question requires student to apply learnings from the 
chapter to new situations. 
d. Question requires student to solve a problem. 


Calculate the index of student involvement for the questions: 


e+d 
a+b 


RATING THE CHAPTER SUMMARIES 


1. Select the chapter summaries from three different chapters. 
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2. Read two paragraphs of each of the three chapter summaries 
and assign each sentence to one of the following categories: 

a. Repeats the conclusions of the chapter. 
b. Raises new questions, the answers to which are not avail- 
able in the text or are subjects of current research in science. 


3. Calculate the index of involvement for the summaries: 


DETERMINING AN ACTIVITIES INDEX FOR THE Book 


Select at least ten pages at random and glance through each, assigning 
an index as follows: Count the number of proposed activities required 
of the students. To get an index number, divide the number of activities 


found by the number of pages examined. 


SUBJECTIVE EVALUATION 


At the bottom of the rating sheet, write your subjective opinion of 
how well the book seems to suit your own behavioral goals for a course. 
Include a comment on reading level, difficulty of mathematics in the 
text, and other factors with a bearing on the classroom situation. 


INTERPRETATION OF THE DATA 


Each index is calculated in a manner so that 0 represents virtually no 
student involvement; 1.0 represents material with an equal number of 
statements requiring no student participation and statements requiring 
some student thought. Progressively higher index numbers represent 
Progressively higher ratios of investigative to noninvestigative material. 
Infinity would represent a book in which every statement and every 
figure would require analysis of some kind. 

Every teacher must decide for himself just how much he wants his 
students to do. In general, chapters or books with indices much below 
about 0.4 will be primarily authoritarian and will contain few challenges 
to the student other than memorization of facts and definitions. 

Conversely books with very high indices (much in excess of about 
L5) contain virtually nothing but questions. As such, they may not give 
the student enough data to work with effectively. Other reference sources 
or the opportunity to experiment extensively must be available to pro- 
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vide data upon which the student can base his generalizations and 
conclusions. 

A very good teacher can use almost any textbook to good advantage. 
A highly discovery-oriented course can be run using the most traditional 
of textbooks if the teacher spends most of his class time on experiments 
and activities and uses the text as something to examine critically rather 
than as an authority upon which students base their conclusions. 

Regardless of what approaches you elect to use, you should critically 
examine the textbook. Know how other parts of your course must be 
modified to take advantage of the useful features and to counteract the 
undesirable features of the textbook. 
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ACTIVITY 10 A 


Make quantitative analyses of five science textbooks. For each 


book, complete a rating form such as the one on the next page. 
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NAME oF Boox: 


Text analysis 


Number of page analyzed | mi Total 
a. facts 
b. conclusions | 


с. definitions 


d. questions asked 
but answered 
immediately 


е. questions requiring 
student to analyze 
data 


f. statement requiring 
student to formulate 
conclusion 


П. 


g. directions to student 
to perform and 
analyze activity 


Һ. question to arouse 
student interest: not 
answered immediately 


HH 


i. sentence directing Е 


student to figure; 
other types 


j. rhetorical questions 


Ed 


Figure and diagram analysis 
Number of figure analyzed 


Overall Involvement 
Index for Text 


a, illustration only 


b. requires student to 
perform activity, 
use data 


c. illustrates way of 


setting up apparatus 
for activity 


d. fits none of above 


en 


Overall Index for 
Figures 


Activities index 


Page number | E 
a. number of activities 
proposed per page 


Overall Index for 
Activities 


Total— = 
(where n = total number of pages examined) 


Analysis of questions at chapter ends 


| Total 


Question number 
. answer іп text 
b. definition 


с. requires student to 
apply learning to 
new situation 

d. requires student to 


solve a problem 
e. fits none of | 
the above 
Overall Index for . 
Questions 
e+d 
Total = 
atb 


Analysis of chapter summaries 


EJ 


+ repeats chapter 


conclusions 
b. raises new 
questions 
Overall Index for 
Summaries Чч 
Total — = 
a 


Subjective evaluation 


1. Reading Level 
2. Math Level 
3. Other factors 


ed for rating single chapters of a textbook in 


Note: : а Jso be us! 
Ster This form as eatly from chapter to chapter. 


which approaches vary 8" 
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The Role of 
Audiovisual Materials 
in the Science Classroom 


Teachers are often tempted to think of “film day” as а day of, 
when they can sit in the rear of the room and ignore everyday teaching 
duties. Many science films are made in a way that encourages this feel- 
ing. However, in order to use a film or other audiovisual aid properly, 
as much or more preparation time is involved as for a regular class 
session. 

Before using any audiovisual aid (including motion picture films, film 
loops, filmstrips, overhead transparencies, and audio tapes) а teacher 
should have a clear behavioral objective in mind as a reason for using 
the aid. What will the student be able to do after he sees the audio- 
visual aid that he could not do before? What unique property of the 
audiovisual aid makes it the best way of reaching your behavioral objec- 
tive? If you cannot state a valid behavioral objective, you will be wasting 
valuable class time even though the audiovisual aid might seem to make 
the class more “fun” for your students. (Once having fun becomes an 
objective of your course, whether explicitly or implicitly stated, you are 
probably in trouble. In a well-taught class the “fun” will come naturally 
as a consequence of student interest in the subject.) 

In order to evaluate whether or not an audiovisual aid can be validly 
used, you will have to preview it. If this is impossible, it is better not 
to use the aid. 

What properties of the various audiovisual media suit themselves 
specially to the attainment of particular behavioral goals and how, spe- 
cifically, might you use these media to best advantage? 

Motion Picture Films. Movies can bring dynamic events into the class- 
room: they show things in motion. Therefore, the first thing to look for 
in a film is the presence of scenes that live up to the capabilities of the 
medium. In a biology course for example, you might choose а film 
showing water birds landing on a lake. A valid behavioral goal to justify 
showing such a sequence might be stated as follows: After seeing this 
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film the students should be able to write a detailed analysis of the way 
in which ducks land on water. Use of high-speed, slow motion photog- 
raphy to show landing of the birds would make the filmed sequence 
even more useful. 

Many biological and physical events take place too slowly for a student 
to see dynamic details. Time-lapse photography being used in some of 
the better new films can provide a basis for developing scientific behavior 
in your students. Consider as an example the growth of a plant shown 
by a time-lapse camera. A behavioral goal that justifies the use of such 
a sequence might be phrased as follows: After seeing this sequence, the 
students should be able to describe and analyze the stages of growth of 
a given plant. A geological example is the movement of a glacier. The 
time-lapse method has been used to show the effects of glacier move- 
ment. Students may be asked to analyze the dynamics of this kind of 
situation also. 

Another example of films that lend themselves to analysis by students 
is a well-known series on the behavior of bees.’ The behavioral goal for 
such a series might involve asking your class to analyze how bees give 
instructions to each other about the locations of flowers and so forth. 

These are only a few examples, but let us analyze what they and other 
Suitable subjects have in common. First, they show dynamic relationships 
that cannot be observed in any way other than in nature or on a motion 
Picture screen. In the case of time-lapse and slow motion photography, 
there is no other way than on film that the accelerated or slowed-down 
Sequence can possibly be studied. (Note incidentally that much current 
Original research on dynamic processes involves the use of these tech- 
niques.) Second, each of the examples cited above was presented to the 
students in the form of a sequence of events they were asked to observe, 
describe, and analyze. Third, films make it possible to isolate a subject 
and observe its action or behavior in a way that an untrained worker 
could not do without extensive specialized training (as in the case of 
the study of the bees). Fourth, films make it possible to bring large, 
expensive (and possibly dangerous ) pieces of apparatus into the class- 
room so that students can become acquainted with the way in which 
they operate and the kinds of data they can furnish. Finally, films make 
it possible to bring into the classroom scenes and views of landscapes 
and objects the scope and size of which cannot be adequately demon- 
strated in still photographs or by verbal description. The motion picture 
Projector has become a device for presenting raw data to the students 
rather than a device for presenting a summary of someone else’s con- 
clusions. 


Unfortunately few films exist that fulfill these requirements. However, 
Recent developments in the study of bees 


'Studies by Karl von Frisch. 
See Science, V. 158, 1967, pp. 


challenge some of von Frisch’s conclusions. 


1072-1077. 


there are many films that contain excellent sequences surrounded by less 
suitable material. Here you have two alternatives. You can show the 
entire film and ask the students to concentrate their attention on certain 
parts of the film. However, a better technique is to show only the se- 
quences that are going to be useful. This means extra work for you in that 
you will have to identify the good sequences and have the projector set 
just right before the class comes in. 

One trouble with almost all existing motion picture films is that they 
have been made for the purpose of illustrating points rather than pre- 
senting data. As a result they usually have a detailed narration that tells 
the student exactly what he is looking at. Unless he finds this out for 
himself, he will probably not gain any new skills. The teacher can turn 
off the sound unit on the projector and use the film without narrative 
whenever the students are to do the analyzing themselves. 

Another possible problem is the need to run sequences of film over 
again. If traditional films are to be used effectively, you will probably 
need a projector that can be reversed and run backward. For best possible 
results, use a projector equipped with a stop mechanism that enables you 
to hold any single frame on the screen and use the projector temporarily 
as a slide projector. 

Many films show long sequences of details leading up to a final event 
or conclusion. In order to involve the students actively turn off the 
projector before the film gives its conclusion and ask members of the 
class to predict what they think is coming or what the conclusion will be. 
Then start the projector again so that the class can see what the film 
concludes. After this, if the class and the film do not agree, have the class 
analyze reasons for the disagreement. 

Most motion picture films now available run from about ten to thirty 
minutes in length. When such long films are shown, the student is almost 
certain to become such a passive witness to the show that it is difficult 
to involve him. If you show a long film, prepare a script in advance that 
tells you where you should stop the film to interject class discussion, 
where you should turn off the sound to ask a question, where you should 
hold the film on a particular frame, where you should reverse the film or 
increase or decrease the speed. In order to use a long film in the most 
effective way you may have to spend up to two or three hours preview- 
ing and making notes. 

Film Loops. A useful device that has recently become available is the 
film loop projector. A continuous loop of silent film up to f 
minutes in length can be shown ove 
Work on these loo 
Curriculum Study. 
loops. Commonly, 
Script that suggests 
sion. If the guide 
film loop, 


our or five 
т and over again with no rewinding. 
ps has been pioneered by the Biological Sciences 
Other organizations have also begun making similar 
film loops are accompanied by a teachers guide or 
how each loop can be used as a vehicle for discus- 
Я does not state suitable behavioral goals for a given 
include some of your own. Sequences from longer films or 


54 


са rio ы you have taken сап be mounted in continuous loop 
лыр. and С l = м Ы #00] library of film loops: 
а а or Slides. Filmstrips commonly come crowded with 
heal ficient es ша that give away most of the answers the students 
соте and ‘eae or themselves. It is essential to preview all filmstrips 
tunity for cla о { etermine which frames provide the maximum oppor- 
ass discussion. Use only frames (or single slides) that raise 
problems worthy of discussion. A slide or filmstrip should nearly always 
be accompanied by a question from the teacher rather than by a state- 
ment of fact. 
| Overhead Projectuals. Many useful diagrams and charts can be effec- 
tively shown on overhead projectors. Most commercially produced pro- 
jectuals (transparencies) concentrate on terminology and showing rather 
than on data and asking. Use the overhead projector as a supplement to 
blackboard space. Most overhead projectors come equipped with a roll 
of clear acetate, which can be used to prepare your own tracings of 
graphs and other materials before classes. Diagrams from books can be 
easily copied directly onto acetate overlays by various copying machines. 
The advantage of using overhead projectuals is that they can be reused 
and they leave the blackboard space free for other uses. The expense 
and time required to prepare your own set of projectuals are not great. 
Several overhead projectuals giving additional data can also be over- 
laid on a basic transparency so that a set of data can be developed in 
the same sequence in which they would become available to an investi- 
gator. In the case of weather maps, for example, a sequence of overlays 
showing the development and movement of fronts can be used. As each 
overlay is added, students can be asked to predict what the situation 
will be three hours after the given set of data are received. Then the 
actual data for that period can be shown to check student predictions. 
The class can then analyze reasons for any substantial departure from 


the expected weather. А 1 
Overhead projectors may also be used in the same way that a bioscope 
or other relatively low-powered microprojector can be used. Growth of 
d details of larger structures on 


crystals in a solution, the geometry an { t 
he progress of certain chemical reactions are 
subjects suitable for projection onto a 


ctor. Using the overhead pro- 
lass to observe the same thing 
that all members of your 


microscope slides, and t 
among the more or less “live” : 
screen with the aid of an overhead proje! 
jector in this manner enables your whole с 


at the same time. In this way you can be sure | 
w to observe systematically. 


class help each other learn ho ve sy 

посакав ‘Audiotapes can be used іп biology courses where the 
sounds made by various animals might be analyzed in connection with 
asses studies of frequency and 


e 5 heir behavior. In physics cl 
S and so forth could be focused around audiotapes. 


Use such tapes for the purpose of analysis rather than for illustration. 
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ACTIVITY 11 


EXPERIMENTING WITH AUDIOVISUAL AIDS 


1. Get a motion picture film on a science topic from a local film 
library (in your school or at a nearby university). Preview the film, 
analyze it, write behavioral objectives justifying its use in your class- 
room, and prepare a script showing where in the film you might make 
use of the following techniques: 


a. Stopping the projector to introduce questions. 

b. Turning off the sound. 

c. Reversing the film. 

d. Holding the film on a single frame while you bring up ques- 

tions. 
Try some of these techniques on a class and compare the response you 

get to the response you are used to getting in a traditional film showing 
that involves no attempt to use the films as a vehicle for discussion. 


2. Acquire a film loop projector and film loops. Design a discus- 
sion activity around a film loop. 


3. Select a series of color slides on a topic and prepare a short 


discussion activity using the slides as basic data requiring analysis by 
your students. 


4. Find several diagrams suitable for reproduction as overhead 
projectuals and design a class discussion based upon them. 


5. Acquire or make an audiotape presenting some scientific data 
and design a short activity around use of the tape. 
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Introduction of 
Scientific Terminology 


Science courses as taught by most teachers at all levels put spe- 
cial stress on science as a language. The presumption has been that, 
when a student is able to define correctly certain key terms, he “under- 
stands” the concept underlying the word. The concept of science as a 
language rather than science as a process is reflected in college board 
examinations, advanced placement examinations, and in state-wide exam- 
inations such as the New York State Regents examinations as well as in 
the average quiz or term examination in many classrooms. 

Although scientists in each field have developed a special jargon all 
their own to facilitate communication on a professional level, the jargon 
should be regarded as the least important part of science. In courses 
concerned with the processes of science, technical vocabulary should be 
introduced only when it is clearly needed to facilitate communication. 

However, science teachers should not avoid the introduction of tech- 
nical vocabulary entirely. The following passage from Mark Twain’s 
A Tramp Abroad makes it clear that complete avoidance of technical 


vocabulary does pose serious problems. 
ту р 


The man stands up the horse on each side of the thing that projects from 
the front end of the wagon, throws the gear on top of the horses, and 
passes the thing that goes forward through a ring and hauls it aft, and 
passes the other thing through the other ring and hauls it aft on the 
other side of the other horse, opposite to the first one, after crossing them 
and bringing the loose end back and then buckles the other ring under- 
neath the horse and takes another thing and wraps it around the other 
thing I spoke of before and puts another thing over each horse’s head, 
and puts the iron thing in his mouth and brings the ends of these things 
aft over his back, after buckling another one around under his neck, and 
hitching another thing on a thing that goes over his shoulders, and then 
takes the slack off the thing which I mentioned a while ago and fetches 
it aft and makes it fast to the thing that pulls the wagon, and hands the 


other thing up to the driver. 
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In Twain's description, more technical words are obviously needed to 
make communication easier. 

How can a teacher decide what words are important and useful and 
what words are excess baggage? The author is against the introduction 
of conceptual notions through the use of words. Preceding pages have 
recommended extensive use of activities and open-ended discussions to 
introduce scientific processes, ideas, classifications, and facts. One good 
tule to adopt is never to give a technical word to a student until he asks 
for an easier way of expressing an idea. The following situations might 
serve as examples. 


1. You are teaching a lesson on photosynthesis. Instead of introducing 
the word early in the lesson, conduct an activity in which students dis- 
cover that plants produce sugars and starches from water and carbon 
dioxide by the action of sunlight on the green stuff in the plant. Through- 
out the discussion that follows the activity let the students continue to 
use long descriptive phrases to describe the process and to use “the green 
stuff” in referring to chlorophyll. As the discussion gets more involved, 
the need for a handle will usually become clear to the class. Finally a 
student will ask for some better words to refer to the process and to the 
green stuff. This is your clue to say, “Well, biologists call the process 
photosynthesis, and the green stuff is called chlorophyll.” What do you 
do if the class never asks for the word? Then perhaps the word is not as 
essential as you thought and need not be presented to the class. 


2. Ina physics experiment, instead of giving students a large number 
of vocabulary words to refer to pieces of equipment they are using, let 
them find their own words. Ultimately they will end up in a situation 
similar to the one described by Mark Twain where they are putting this 
thing into that whatchamacallit and then that thing goes around and does 


such and so. At that point, your students may be shouting for words to 
simplify communication. 


„8. In a geology or earth science class you are working on a rock 
identification exercise. Let the students describe the particles of which 
the rock is made, but make no attempt to force mineral names into the 
discussion. Ultimately the students will tire of referring to “that clear 
stuff that breaks like a piece of glass” and will ask for a simpler name. 
At that point tell them that mineralogists call “that stuff” quartz. In any 
exercise on classification it is especially important to provide specific 
names only when a definite need for them arises. 


Is this approach really useful? In his own teaching situations the 
author has recently tried to teach without stressing definitions. He has 
found that when he does not force rigid definitions on his own students 
they rapidly develop the ability to formulate their own definitions in a 
way that clearly indicates to him their familiarity with the ideas behind 
the word rather than a preoccupation with the word itself. 
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ACTIVITY 12 


Wuicu TECHNICAL WORDS Аве IMPORTANT? 


1. Choose a long paragraph from each of five different textbooks. 
2. Underline the technical words in each paragraph. 


3. Rewrite each of the five paragraphs, replacing the technical 
words with ordinary language. 

4. How many of the technical words were really essential to 
clear communication? 

5. Take the lecture notes from a single lecture in one of your 
college science courses. Replace all technical words with ordinary lan- 
guage. How many useless words have you been asked to memorize in 
that lecture? 

6. If you are a practicing teacher or student teacher, take the 
notes from one of your own lesson plans and underline all of the tech- 
nical words you have introduced. Ask yourself how vital each of the 


underlined words really was. 
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The Art of Asking | 
Questions and of Leading Discussions 


A teacher's task is to establish circumstances that favor the learn- 
ing of certain specific concepts and the acquisition of specified skills and 
behavior. In the author's opinion lectures and highly structured activities 
and discussions rarely help you in any large measure to achieve this goal. 
Yet you cannot turn your students completely loose to do exactly as they 
choose. 

In order to keep students more or less on the intended track the teacher 
must, of course, do some active leading. However, he must also develop 
the knack of guiding students without taking away from them the joys 
of discovery. When you ask a student to gather his own data and make 
his own generalizations, how can you help him without giving away the 
conclusions you hope he will formulate on his own? And if a student 
reaches a conclusion that is perhaps valid but not relevant to the concept 
you wish him to learn, how can you get him back on the right track? 
Effective leading involves learning how to ask useful leading questions 
and how to make helpful suggestions that still require the student to 


exert his own initiative in order to solve the problem at hand. You will 
have to be flexible and patient. 


When a student asks a question, you have three main alternatives: 


1. Give him a straight answer. 
2. Answer his question with another question. 


3. Make a specific Suggestion about how he can find his own answer to 
the problem. 


Which of these altern 


atives you elect in any given case will of course 
depend upon the circ 


too many answers 
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The most effective teachers usually answer questions either with 
another question or with a suggestion. Yet even the best teachers some- 
times give straight answers, so your technique should not degenerate to 
mere question asking. Developing the knack of asking useful and helpful 
questions requires practice and a great deal of attention on your part. 
When asked a question, many beginning teachers who want to get their 
students to do the thinking quickly throw back the question, “Well, what 
do you think?” The student’s immediate reaction to this is usually, “If I 
knew what to think, I wouldn’t have asked you in the first place!” Con- 
sider the following example: 


Approach number 1 
Student: Mr. Jones, Гуе been looking at this mineral specimen for ten 
minutes and I’m still not sure. Is it quartz? 


Mr. Jones: Well, what do you think? 
(Student throws mineral at Mr. Jones, and stamps out of the room.) 


Approach number 2 
Student: Mr. Jones, Гуе been looking at this mineral specimen for ten 
minutes and I’m still not sure. Is it quartz? 
Mr. Jones: Does it have a cleavage? 
Student: Not that I can see. 
Mr. Jones: How hard is it? 


Student: Harder than this piece of glass. 
Mr. Jones: According to your table, are those the properties you would 


expect to find in quartz? 


Student: Gee, yes! 
Mr. Jones: Do any other minerals on the chart seem to fit those prop- 


erties? 
Student: No, I guess it must be quartz. (Big smile.) 


In this example, by a series of questions and simple suggestions, Mr. 
Jones has helped his student through the process of observing and keying 
Out a mineral. The next time, the student probably would not need to 
ask for help. If the specimen happened to have somewhat abnormal 
Properties, Mr. Jones might have wanted to provide some extra informa- 
tion about how quartz occurs in many different forms, some of which 
might not quite fit the particular table the student happened to have 
available. 

Suppose that during an activity or discussion a student makes a gen- 
eralization or conclusion that either does not fit the data or is not relevant 
to the subject being studied. There is always the temptation to proclaim 
the student wrong and then to go hunting for a “right” answer. A more 
effective way of dealing with this situation is to ask a series of questions 
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that lead the student to dissect and analyse his own conclusion. He 
should be the one to say, “Why, I must be wrong then!” Discovering 
through your own analysis that you are wrong can actually be an ego- 
building experience in itself. Usually the discovery that you were wrong 
also brings with it the discovery of an answer that is more acceptable 
and reasonable. 

In leading class discussions you will commonly be in the position of 
having to ask appropriate questions to keep the discussion on the planned 
subject. A discussion that degenerates into a bull session is generally not 
productive. If the discussion involves analysis of data (as in the invita- 
tions to inquiry discussed earlier), questions that direct the attention of 
the students to certain aspects of the data may be necessary to get the 
discussion going. If you impose too much structure on a discussion or 
have goals that are too specific and inflexible, you may lose the very 
benefits you expected the discussion to produce. 
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ACTIVITY 13 


ASKING QUESTIONS 


| 1. Make a tape recording of a session that you are teaching to 
either a peer group or a group of your students. 
2. Play the tape over and write down each student question you 
were asked during the class period. 


3. Write a short script showing: 
a. How you handled each question. 
b. What other ways you could have used to handle the same 


question. 
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Helping Students 
Learn to Generalize 


Early in a science course students should learn how to interpret 
data and make generalizations. Students, teachers, and scientists them- 
selves often overgeneralize from their data. You should be cautious and 
try early in your course to develop good habits in your class. Some 
examples of valid and invalid generalizations are suggested below. 


SAMPLE SITUATION 


In a general science class a problem arises during a study of stream 
activity: What factors affect the velocity of stream water? You suggest 
that your students set up in the classroom a model stream and perform a 
series of experiments. The “model stream” consists of a length of eaves 
trough. You suggest (or let the class propose) the question, “Does the 
angle of slope of a stream bed have any relationship to the velocity of 
the stream?” Using a system of siphons, or a water tap opened a measured 
amount, your students hold constant the volume of water flowing down 
the trough. Then they time the rate at which a small cork floats down the 
trough while they vary the angle of inclination of the trough. From this 


information they calculate and graph the velocity of the model stream at 
various angles of slope. 


15 Graph 1 


Other conditions specified 
10 and held constant: 
1. size of trough 
2. 1 siphon (3" diameter) 
3. height of head = 2' 


Velocity cm/ sec 


5 10 15 


Angle of trough with horizontal 
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MAKING THE GENERALIZATION 


The first generalization students will probably suggest may be approx- 
imately: 

As the stream bed gets steeper, the velocity of the water increases at a 

constant rate. 
This generalization would at first seem to fit the data. Nonetheless, this 
is an overgeneralization considering the available data. Let us examine 
what would happen at slightly higher angles of inclination: 


Graph 2 


В Other conditions specified 
and held constant: 

|5 1. size of trough 

25 2. 1 siphon (}" diameter) 

Е 3. height of head = 2' 


Velocity cm/sec 


5 10 15 20 25 30 


Angle of trough with horizontal 


If the students had carried their measurements farther, they would have 
discovered that the slope of the curve became flatter at higher angles. 
The relationship changed and their first generalization turns out to be a 
serious oversimplification. How might the students have made a more 
cautious generalization on the basis of the more limited data in Graph 1? 
The statement below would have been a safer generalization to make: 


As the angle of inclination of a model stream (consisting of an eaves 
trough x feet long and fed by a siphon with a half-inch diameter and 
a hydrostatic head two feet high) is increased from five to fifteen degrees 
with the horizontal, the velocity of the water increases at a constant rate. 


This more cautious generalization is seen to specify the exact condi- 
tions for which the generalization holds true. Then if you wish to have 
students predict what they think will happen at higher angles, you may 
do so. But the more cautious generalization allows the student to modify 
his generalization without having to say, “My first generalization was 
wrong.” Instead, he can say, “My first generalization was correct for the 
range of conditions I used in my first experiment, and now the additional 
data available allow me to amplify my generalization so that my ability 
to predict what will happen at higher angles will be improved.” 

A generalization should specify carefully the range of conditions for 
which it is applicable. When this rule is followed, students are not put 
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in the position of having their generalizations turn out to be “wrong.” 
It is easy to accept the idea that a prediction, which is clearly under- 
stood to be an extrapolation from the known to the unknown, can be 
erroneous because of changes that might occur over the unknown range. 

Invitations to inquiry are especially appropriate for helping students 
learn to formulate careful generalizations from their data. In the above 
example you could have, for example, provided graphs for the students 
(without asking them to do the experimental work), asked them to 
make a generalization, and proceeded immediately to add to their 
information and caused them to question or modify their earlier gen- 
eralization on the basis of Graph 2. 
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Evaluating Learning 


Usually when we think of evaluating students and what they are 
learning, the words test and grade come to mind. In this section evalu- 
ation of learning will be considered in a broader sense than this. In the 
evaluation process, the main concern of a teacher should not be, “How 
smart is George, and what grade shall I give him?” but rather, “Has 
George gotten the idea, and, if he has not, how can I lead him to under- 
stand the relationship or learn the skill?” 

In its broadest sense, evaluation can be thought of as the bridge 
between teacher and student. If evaluation in your classroom takes place 
only at the end of a lesson to determine what your students have and 
have not learned, you are playing a dangerous game. Essentially you 
are betting that most of your students will have learned what you in- 
tended them to learn. If they do not perform well on your quiz, the 
limitations of your teaching schedule may force you to leave an impor- 
tant concept, fact, or conclusion unlearned or incorrectly learned. True, 
Most teachers at least review test answers with their classes, but does 
mere telling of what the “right” answer should have been necessarily 
Zuarantee that the class now knows what you wanted them to know? 
Evaluation in these circumstances becomes a drawbridge. You put down 
the bridge between yourself and your students only during quiz time, 
and you lose contact with what your students are learning between 
quizzes. 

Think of every question you ask in class as part of a continuing process 
of evaluation. In evaluating every student response that you obtain—oral 
or written—you must decide whether or not the learning process is actively 
in progress, If your approach is not succeeding, you must be flexible 
enough to try new approaches to the subject. 

Jerome Bruner suggests the interesting idea that: 
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. when children give a wrong answer it is not so often that they are 
wrong as that they are answering another question, and the job is to find 
out what question they are in fact answering.! 


In a sense you must be like a boxer trying to get a punch in. You 
attempt several punches but they do not score. Finally you find an open- 
ing and are able to hit your target. 

If you are not constantly evaluating whether or not you have succeeded 
in hitting your target—through the mechanism of constant evaluation of 
responses—you will lose contact with your students and thus fail in your 
teaching effort. The bridge between you and each student must be 
constantly open. 

Many teachers develop the habit of listening to themselves and being 
mainly concerned with what they themselves are saying rather than in 
listening to and evaluating what the student is saying. As soon as you 
stop listening attentively to what each of your students is saying, you 
have lost contact. Evaluation cannot be truly effective on the level of a 
whole class. Instead, you must somehow find a way of constantly evalu- 
ating and keeping track of what each individual student in your class is 
learning. 

In order to be effective with a large number of students, each of whom 
should ideally be treated as an individual, the teacher must train each 
student in such a way that he can correct his own errors. Otherwise, as 
Bruner suggests, you create a form of subject mastery that depends 
entirely on your perpetual presence.* One of your greatest goals very 
early in a course should be to evaluate carefully whether or not your 
students have learned how to learn. This can be done by correcting stu- 
dent errors in such a way that the learners learn how to correct their 
own errors. When this is achieved, the student becomes his own teacher 
and your direct contacts with him can become less frequent. A teacher's 
most important function is to make himself unnecessary! 

In the preceding paragraphs we have been considering evaluation 
from a Philosophical point of view. Now let us consider some practical 
ways of conducting a day-to-day program of evaluation in which each 
student’s individual progress can be watched carefully. 

1. Oral exchange of questions and answers. Whether you are 
conducting a laboratory activity, class discussion, or small group discus- 
sion, ask questions designed to focus the attention of your students on 
important relationships between various pieces of data they are obtain- 
ing or interpreting. If your class is accustomed to an activities approach, 


you will be able to deal with questions and problems of individual 


1Jerome S. Bruner. Toward a Theon і i 
> of Instruct а ass.: 
Harvard University Press, 1966), p. 4. a ate кы 


?Ibid., р. 53. 
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students or of small groups of students while they proceed more or less 
independently with their laboratory work. 

2. Written assignments. Require your students to tum in brief 
laboratory reports and problem sheets often so that you can keep a 
record of individual progress and spot places where perhaps several 
students are being bothered by a similar problem. Then this smaller 
group can be given collective rather than individual help. If your class 
is well organized, you can require students to do again work that has not 
been satisfactory. Do not be satisfied with low grades. Insist instead that 
а certain minimum level be attained by each student on each major 
activity before allowing a student to go on to the next assignment. 

3. Anecdotal records. Some teachers keep card files in which 
they make brief records of behavioral trends for each student. Such 


cards might be set up as shown: 


Code letter 
suggestions: 
we = worked carefully 
oh - offered hypcthesis 
th - tested hypothesis 
со - changed opinion 
sr = saw relationship 
etc.* 


Capsule description of 
what the student did 
in lab: difficulties, 
successes 


Code letters 
to designate 
behavior 


d modified from Arthur Carin and Robert B. 
(Columbus, Ohio: Charles Е. 


g °Design and categories for car аше 
Sund, Teaching Science Through Discovery 


Merrill Books, Inc., 1964), р. 146. 


Notations about progress in written work can also be added to show how 
€ach student is improving in his approach to problems. If you are able 
to maintain a file of anecdotal records of this sort, you will be able to 


еер close track of individual student improvement. a 
4. Check Lists. A check list including headings categorizing 
Various kinds of student behavior and attitudes is perhaps easier to 
andle than the anecdotal record system and provides almost as close a 
Check on how well the students are progressing. Such lists must be used 
Tegularly, however, if you are going to benefit from them. See the list 
Оп page 70 for an example of a form that might be used. For each 
Student the teacher makes a check or minus under the various columns 
pending on whether the student is or is not doing what the chart lists. 
lternatively, “A” for always, “S” for sometimes, and “N” for never might 


© used, 
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Student's names 


comes prepared 


Able | Baker | Craft | Dodd | Jones | Smith Zilch 


L sl! +———-| J 
follows directions j 1]; 
Г. і L 
plans ahead 
і 
modifies procedures ond F 
equipment appropriately 
г 1 >—- ] [= 
cooperates with group |. 
—— f 
handles equipment properly ] Е 
+ 
dexterous with equipment ji ] 
—— Т + 
observes carefully Г 
Я Г үү а A | 
works effectively, neatly a 
ө - —— 
records data systematically 
in notebook 
makes independent decisions 
T =] == 
assesses the meaning of 
data frequently | It 
relates to specific problems = | | L | 
73 Б n a 
aware of assumptions and 
limitations _| i 
makes use of references _| + 
overall performance 
used "I think" ог "I'm 
not sure" | _| 4 
offered hypothesis | 
changed opinion IE aD | 
tested hypothesis ~ | | _ 
sow relationship between 


facts 


admitted mistake and 
tried to correct it 


admitted he didn't know 


criticized and evaluated 
-own work 


gave credit to others when 
deserved 


repeated work to validate 
results 


used more than one resource 


applied science learning 
to new situation 


determined difference 
between truth and fiction 


oe S| ee ee | 
+— 

| 
114—4 
(БИ ШИ ШИ ИЕ ШЕЕ 
ДЕЕ J- 
г р Бс паа а 


asked good science questions 


avoided jumping to conclusions 


Modified from A. Carin and R. B. Su 
Charles Е. Ме 


covery (Columbus, Ohio: 
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па, Teaching Science Through Dis- 
trill Books, Inc. (1964), p. 147. 


5. Quizzes. Give frequent short quizzes. Make most or at least 
some of these quizzes noncredit or “diagnostic” quizzes. Allow the stu- 
dents to grade one anothers papers. Return the papers immediately to 
their owners and conduct a short discussion on points with which students 
had difficulties. Then collect the papers so that you will personally have 
a chance to spot where specific students are having special difficulties. 
Announce to your students that failure to solve a problem in a satisfactory 
manner will not count against them but will give both you and them a 
chance to find out just how much has been learned. Quizzes of this type 
might on some days be substituted for laboratory reports. Whenever 
Possible, quizzes should involve a problem to be solved or a situation to 
be analyzed rather than a conclusion or definition that the students 


might have memorized. 

One way in which to emphasize the teaching і 
quizzes is to have them graded strictly on a “pass or fail” basis. If a 
Student turns in a paper with a failing grade, require him to continue 
working on the subject and give him retests (using either the same quiz 
or different but similar quizzes) until he does achieve a passing grade. 
Let him know that only the “pass” gets recorded in your book and that 
he can try as many times (within reason) as necessary in order to 
Succeed, Instead of forcing students to compete against one another, get 
each student to compete against his own past performance. 

It may take some students longer than others to achieve the level of 
learning you desire, but your ultimate goal must be for every student to 
achieve a certain level. You should always feel some disappointment 
about your own abilities as a teacher when you have to leave a topic that 


you feel is still not understood by some of your students. At the same 
vill be rare for all of your students 


time, you have to face the fact that it v \ r 
to be achieving at the level you hope for. You will have to learn to live 
With a certain degree of disappointment in your ability to reach all of 

because it will force you to be 


Your students. This is good, however, 4 
better ways of reaching your students. 


Constantly searching out new and : s 

hen a teacher begins to think that all his students always achieve every- 
thing he wishes, he had better re-examine his whole program. | 

6. Major Examinations. It is traditional in most courses to give 

major, period-long examinations. These tests can be made an enjoyable 

f the class is well prepared. 


eXperience fi th teacher and students і 
ог Ьо tions should be similar in style to the ques- 


<Uestions on longer examina i к К 

tions used regularly in oral exchanges, to questions given on quizzes, 
and to questions that accompany student laboratory work. 

7. Testing for Your Objectives. If you have developed a good 

Set of behavioral objectives for your course, the жашар or good test 

k. Since good behavioral objectives 


Westions should be a simple tas 
Specify in detail the behavior you expect your students to exhibit at the 


and learning value of 
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end of a unit of study, all you will need to do is go directly to your 
objectives and write questions based on the objectives. The more detailed 
and carefully written your objectives are, the easier is your task of pre- 
paring meaningful examinations that test directly for what you have 
been trying to teach. Objective writing gives both direction to your 
classroom activities and serves as a basis for evaluation. 

Psychologists have written a great deal about the transfer of learning. 
Transfer can be thought of as the ability of a student to use behavior 
learned in one kind of situation and to adapt and apply it successfully 
to different kinds of situations. It involves the ability to take entirely new 
situations, approach them in a systematic way based on past experience, 
and to come up with reasonable solutions. Helping develop in students 
the ability to transfer their learning is obviously a highly desirable goal. 
Carefully written behavioral objectives, well-designed examinations and 
quizzes, carefully phrased questions at the teacher—pupil level, and well- 
organized laboratory and discussion activities can lead to this kind of 
result. 

One way of forcing yourself to write examinations that do not stress 
simple memorization is to give open-book tests. When you allow students 
to use their books and notes, you are forced to ask questions that require 
transfer behavior. You obviously cannot merely ask them to copy defini- 
tions out of the book or repeat facts that can be looked up and copied 
quickly. You are forced to present problem situations, which the students 
must analyze using their books and notes as sources of data to help them 
formulate their own conclusions and generalizations. 

8. Types of Questions for Tests and Quizzes. The large majority 
of questions on modern examinations seems to be either of the types 
called multiple-choice or true-false. In the author’s opinion, it is difficult 
to measure learning or behavior through these kinds of questions. Ques- 
tions that require students to outline their chain of reasoning are much 
more useful, because they make it possible to determine just why the 
student may need help and where he goes astray in his analysis. If an 
analysis is rated only “right” or “wrong” as in a multiple-choice or true- 
false test, all you can do is give the student being tested a grade. You 
are not helped in finding out how to lead the student to a better analysis. 
Objective examinations often turn out to be subjective by demanding 
that the student show the same bias the teacher has in order to get a 
high grade. In this sense, the author does not believe objective tests serve 
a very useful teaching function. Their main value is in getting a quick, 
cheap grade for the student. 

Essay questions and problems must be graded very carefully, which 
takes time, but they do provide a unique contact with the level of stu- 
dent learning and behavior. 


There are many interesting kinds of problems and questions that 
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teachers do not commonly use. Many of us tend to think of an examina- 
tion as a sheet of paper containing a number of questions with appro- 
priate blank spaces left for “blackening in between the lines,” marking 
“Т” or “F? writing a fill-in word, or writing a short sentence or essay. 
Students get bored by always having the same kind of test. When possible 
you should attempt to find ways to make exams more interesting and 
challenging. 

Laboratory courses lend themselves well to practical examinations. 
When your students come into the room, have a different lab set-up at 
each place with a question or two written on a card at each station. 
Give each student a set period of time, perhaps two or three minutes, at 
each station to answer the questions on the card. Set-ups might include: 
microscope slides; partially dissected animals; things to classify; physical 
relationships to observe and interpret; a simple chemical change to 
describe, interpret, and write an equation for; a rock or mineral to de- 
scribe; and so on depending on the subject being studied. 

Some teachers have taken their students on field-trip examinations. At 
each station the students are given certain definite questions to answer. 
Student performance on this kind of activity can be made an important 
factor in determining the course grade. Students can also be taken on 
vicarious field trips by means of slides or films. On a recent geology 
examination the author showed two slides of rock outcrops. The students 
were asked to: (1) Describe what they saw. (2) State how they might 
interpret the relationships they saw. Students were given a five-minute 
“visit” to each outcrop. One of the main objectives of this exercise was 
to evaluate whether or not the students could distinguish between an 
observation and an inference, a fact, and a conclusion. This kind of ques- 
tion provided specific information about how certain students could be 

lities to distinguish between these two funda- 


helped to improve their abi | 
mental scientific activities: observation and interpretation. Short clips of 


motion pictures or of film loops might be used in similar fashion if you 
were concerned with the dynamics of a process rather than with the 
essentially static configuration of a rock outcrop. : 
Using a hypothetical situation is especially useful in evaluation of 
transfer. In an astronomy unit, for example, if a student has been study- 
ing the solar system, set up а hypothetical grouping of planets and stars 
that differs in certain ways from the solar system but to which students 
can nonetheless apply some of the principles used in interpreting rela- 
tionships in the solar system. Ask the class to analyze and interpret 
statements about observations pertaining to the hypothetical configura- 
tion. 
de-Observer Techniques of Evaluation. In order to get 
successful you are in getting students involved, 
e of your colleagues and sit in on one anothers’ 


9. Outsi 
outside opinions on how 
band together with som 
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classes occasionally during a free period. Learn to furnish one another 
with objective opinions about possible improvements. Several objective 
techniques for having your classroom activities evaluated might be 
proposed. 

In one such technique the observer sits in the back of the room with a 
seating chart. Each time a student responds, the observer classifies the 
response and marks a code on the seating chart so that a running record 
of the kinds of responses made by each responding student is obtained. 
The following code was suggested to me by John Н. Merrill:3 


І. Motivation for response by student 


v—voluntary response to a question or unsolicited statement from 
the student 


t-the student answers a question directed to him by the teacher 
s—student answers a question initiated by another student 


II. Nature of response by student 
f—statement of fact 
r—reasoned statement which demonstrates that the student must be 
doing some thinking or analyzing 
q—question asked by the student 
о—по response (as in case where student is asked a question by the 
teacher and answers, “I don’t know,” or doesn’t answer at all) 
ПІ. Quality of response by student 
r—right 
w—wrong 
a—appropriate 
i—illogical 
t—trivial 
p—poorly expressed 
°—extremely so 


Sample of a portion of a seating chart and interpretations 


seat 1 seat 2 seat 3 
у-т-а t-f-w 
vt-f-rp t-o 
v-q-ap vt-f-r 


According to this scheme you would obtain the following information: 


Student Number 1 responded three times: 


8Technique suggested to me by John Н. Merrill, formerly a teacher at Fox 
Lane School, Bedford, New York and in the public schools of West Hartford, 
Connecticut, and now with Educational Services, Incorporated. 
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a) He volunteered a reasoned statement appropriate to the discussion. 

b) He volunteered a response to a teacher-initiated question. His re- 
sponse was a fact that was correct but poorly expressed. 

c) He volunteered a question that was appropriate but poorly ex- 
pressed. 


Student Number 2 did not respond at all during this period. 


Student Number 3 responded three times: 
a) The teacher asked the student a question, which he answered with 

a statement of fact that was wrong. 
b) The teacher asked him a question that he could not answer at all. 


c) He volunteered an answer to a teacher question. The answer was 
a statement of fact judged by the teacher to be right. 


Put your colleagues to work on this kind of mutual teacher-evaluation 
program and you may be able to learn who are the students who need 
to be called on more; who are the ones who consistently give incorrect 
or inappropriate answers and thus need extra help; and who are the 
alert ones, who might be moved ahead more rapidly or given extra 
project work to keep their interest high. 

Another technique of evaluating teacher-pupil interaction has been 
described by Flanders and others.‘ In this technique an observer sits at 
the back of the room and every few seconds records an index number 
from a list of categories designed to include all possible forms of teacher 
and student interaction. The categories are mutually exclusive, and well- 
defined ground rules tell the observer what to do in ambiguous cases. 
Use of such sophisticated evaluation techniques requires a certain amount 
of practice, but well-trained observers achieve fairly reproducible results. 
This technique gives the teacher an overall view of the general kind of 
verbal behavior that he and his students are displaying. However, evalu- 
ation schemes of the Flanders type do not identify the strong and weak 
Points shown by individual students. Furthermore, they also do not indi- 
cate the percentage of students who are responding. A teacher can obtain 
a very high rating on a Flanders-type scale by interacting only with two 
or three bright students and allowing the others to flounder. 


4Ned Flanders, Interaction Analysis in the Classroom, School of Education, 


University of Michigan, 1966. 
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ACTIVITY 14 


EVALUATION 


1. For Activities 1, 4, 5, 6, 7, 8, and 10 you have been asked to 
state behavioral objectives in conjunction with activities you have been 
asked to prepare or analyze. Go back over these activities and prepare 
the following: 


a. Three objective-type (multiple choice, true-false, or single word fill-in 
answers) questions that would help you evaluate whether or not your 
objectives had been achieved. 


b. Three short essay or problem-solving questions to test for your objec- 
tives. 


2. Prepare three quiz questions that involve the use of special 
techniques (slides, films, practical exercises, and so forth). 


3. Prepare three questions you would use on an open-book test. 
Make sure that the questions are not such that mere copying from the 
book will provide a correct answer. 


4. Design a short section of a practical laboratory examination. 
Describe in detail the objects that are to be located at each of five 
different stations, how long each pupil would be allowed at the station, 
and exactly what you would expect him to be able to do at the station. 


5. Visit a classroom and conduct an “outside observer” analysis 
of the type proposed by Merrill and described in the preceding pages. 
Alternatively, prepare and use an evaluation sheet of your own, which 


you think would be useful to you in evaluating how successful you are 
in getting your students involved. 


| 6. Use a tape recorder to record а class you teach. After the 
period, replay the tape several times and analyze your own performance, 
using one of the “outside observer” techniques of objective analysis. 
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Teaching by Contract 
and Independent Study Methods: 
Programming Your Course 


vioral skills lends itself well to various forms of 
programmed instruction, although many existing programmed textbooks 
involve a highly structured group of questions stressing learning of 
vocabulary and factual information. These will not be treated here, for 
they are mainly an aid to memorization. Memorization of factual infor- 
mation should be a minor goal of any science course. 

Well-planned programs with proper behavioral objectives enable a 
teacher to ascertain that no student leaves a particular unit of study 
until he has demonstrated a minimum level of competence. Teaching by 
Program or contract can be done in many ways, ranging from an approx- 
imation of traditional group teaching to a completely independent study 
Program. For variety, a course may be divided into modules, some of 
which involve programmed, independent study and others of which in- 
volve more conventional group teaching. As you begin to experiment 
With programmed study, choose small units of study and gradually work 
toward more complete programming. | 

One convenient way of programming a unit of study is to have your 
students sign learning contracts. In one kind of contract, students are 
given a list of tasks and informed that their grades for the particular 
Unit of study depend directly on the number of tasks that they perform 
Satisfactorily. The tasks may include laboratory exercises, problems, read- 
ing assignments, written papers, and quizzes. Rate each task оп а pass- 
or-fail basis. If the students do not perform the task satisfactorily, they 
Must do it over or revise their materials in some way before resubmitting 
them if they wish to get credit for that particular section of the unit. 
Certain essential parts of the unit should be required in order for the 
Students to pass. Other activities are made optional, and the number of 
these activities satisfactorily completed determines the level of the pass- 
ing grade: A, B, C, or D. The students are not allowed to submit 
Optional tasks ет they have satisf: completed the required work. 


Learning beha 


actorily 


ie 


Why is the word “contract” applied to these programs? At the begin- 
ning of the unit each student is given a complete list of the require- 
ments, both required and optional, and is asked to sign a statement such 
as the following: 


I understand that in order to receive a minimum passing grade (D) for 
this unit of study, I must complete all of the tasks marked “required” on 
the above list. In order to receive a grade of C, B, or A, I must in addi- 
tion complete the optional tasks specified above as required for those 
grades. 


Signed 


Some teachers carry the contract a step further and require each student 
to contract for a specific grade by completing a sentence such as: 


The grade I wish to contract for is 


Signed 


This statement can be used in one of two ways: 

1. As a nonbinding contract. Here the contract merely informs 
you generally about the level of effort various students intend to put 
forth, and it helps you to know something about how each student rates 
himself. 

2. As a binding contract in which the student receives an extra 
grade penalty if he fails to meet the grade requirements he signed for 
and in which he must do special extra work if he decides to try for a 
higher grade than the one for which he initially contracted. 

Making your students contract for a specific grade has the advantage 
of forcing them to evaluate their own abilities and to learn how to esti- 
mate their capabilities in realistic terms, but if penalties are established 
for not meeting the terms of the contract, tension in the classroom is 
raised. If a student has underestimated his ability and has no way of 
renegotiating for a higher grade, he may lose interest in the subject and 
create problems. Therefore, it might be profitable for the student to allow 
him to renegotiate his contract halfway through the period of time 
allowed for completion of the unit. Once he has signed this final con- 
tract, he must either meet its terms or be penalized. This enables the 
student who thought he could do B work but has realized that he cannot 
reach this goal to complete the rest of the unit at the C level. It also 
permits a student who suddenly discovers that he loves the subject and 
is able to do well in it to receive without penalty of extra work the 
higher grade his performance merits, 

An example of a binding contract used by Kilburn is on pp. 80-81. 

Using a contract unit of the type reproduced in this example makes it 
possible to be sure that every passing student in the class has attained 
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a certain minimum level of achievement in a given time period. It is also 
possible to keep the members of the class working on approximately the 
same topic for the same period of time. Thus, although different students 
may be working on different activities during laboratory periods and 
reading different materials in class and at home, it is still possible to 
schedule regular group discussions and arrange for students doing spe- 
cial projects to report their results to the rest of the class. 

One important pitfall to avoid if possible is to put your students so 
much on a plane of independent study that they do not have a chance 
to interact with each other in group activities. Science is not a one-man 
affair, and students must learn to cooperate and exchange information 
as well as to work independently. 

Another approach to programmed teaching is a system used by І. Н. 
Parsons of Central Technical High School, Syracuse, New York. No 
actual contract is signed in this approach. Each student is provided at 
the beginning of each unit of study with a sheet of specific directions, 
and problems relating to the unit of study. Each student must complete 
all of the specified activities and problems and submit an appropriate 
written report on the unit. Upon satisfactory completion of the program 
and completion of a unit test taken by each student individually when 
he is ready for it, the student proceeds to the next study unit. No attempt 
is made to keep the whole class working together. The better students 
can proceed to the end of the course at a rapid pace and have time for 
certain optional work at the end of the school year. The slower students 
may lag behind a specified number of chapters. Grade in the course is 
based on the total amount of work completed satisfactorily. 
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A CONTRACT UNIT ON ROCKS AND MINERALS? 
NAME 


The grade you will receive depends on the work you do!! Contract to 
work for a letter grade as listed below. 


F—Required work incomplete B—Required work + 4 from I. 
D—Complete only required work 4 from II. 
C—Required work + 2 from I. 6 from III. 

2 from II. A—Required work + 6 from I. 

2 from III. 6 from II 
10 from III. 


Place a check mark opposite the work you select. Keep an account on 


one copy of the contract and return the other with your work plan and 
contracted grade. 


Contract terms: 


If you contract for 
a B and complete only a C, expect 
а penalty of not greater than one letter (to D), 
If you contract for a C and complete this contract 
and wish to resubmit a contract for a B, expect a 
penalty of some additional work (but less than 
originally needed to earn ап А), Generally, 
honestly assess your own interests and 


abilities, and plan accordingly. ... 


CONTRACTED GRADE EARNED GRADE 


Signed 


°This contract unit was prepared by Robert E. Kilburn, formerly of the 
Fayetteville-Manlius New York School district and presently a supervisor of 
science education in the Newton, Mass. school system. I wish to thank Mr. 
Kilburn for permission to reproduce this material. 
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SELECTIONS CONTRACTED, COMPLETED SELECTIONS, CON'TED poole SELECTIONS 
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CONTRACT UNIT ROCKS AND MINERALS 


The following lists contain the course content for the next few weeks. 


The grade for this time will be determined by the amount of this work 
you successfully complete in the next four weeks. 


I. Reading and writing 
Required 


A. Read N&S, 8-18; submit list 
briefly defining each italicized 
word: Due ——__ 


B. Read T&K, 209-234, submit 


answers to review questions. 
Due 


С. Read N&S, 20—40 major ideas, 
not ital. words, examed orally, 
due before D. 


D. Read T&K, 242-268; submit 


answers to review questions. 
Die ge кз неЈ 


E. Read N&S, p. 43-55; submit 
key-styled outline of all rocks 
mentioned in text. Due 


F. Read one of the selections from 


the optional list. Due at end of 
the unit. 


KEY 


N&S: Namowitz and Stone, Earth 
Science Text 


T&K: Thurber and Kilburn, Exploring 


Earth Science, Allyn and Bacon 
Inc., 1965 


R&R: Read and report orally 


OE: Oral Exam 
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Optional 


. “Interaction Between Light and 


Minerals,” Nat. Hist., 53-57, 
Oct. '65, R&R. 


. “Sediment. Origins of Rock 


Layering,” Nat. Hist., 50-55, 
Dec. '65, R&R. 


. “Time’s Traces in Sediments,” 


Nat. Hist, 53-61, Feb. ’63, 
R&R. 


. “Diamonds in Meteorites,” Sci. 


Am., р. 26, Oct. '65, R&R. 


. “Rocks and Minerals,” in The 


Crust of The Earth, pp. 128- 
146, R&R. 


. “The Formation of Mineral De- 


posits,” same as Е, 146-154, 
R&R. 


. “Rockhounds Uncover Earth’s 


Natural Beauty,” Nat. Geog., 
р. 631, Nov. ’51, R&R. 


. Read one issue of “Rocks and 


Minerals” for one hour-report 
on its worth. 


. “Notes on the Clintonville 


Dikes, Onondaga County, NY,” 
NYS Museum Pub. #286, p. 
119. ОЕ including locating 
local deposits on top sheet. 


. Skim “Gypsum Resources and 


Gypsum Industries of New 
York,” reading all local refer- 
ences. OE including locating 
local deposits on top sheet. 


. Skim either NYS Museum Pub. 


#434, 343, or 14 or 
Brief written summary. 


Reading and writing (cont’d.) 


П. 


В. 


Optional 


L. Read and understand organiza- 
tion of U.S. Geol. Survey Bul- 
letin 1072 Е. Written summary. 

M. “Minerals and Mineral Ores” in 
The Earth (Fenton). Written 
summary. 

N. “The Great Treasure Hunt” in 
The Earth (Life). Written 
summary. 


Rock and mineral identification skills 


Required 


Learn names of minerals in 
collection. Tested by identify- 
ing same mineral types. Passing 
score—90% 

Learn names of Hardness Scale 
of Mohs and devise a method to 
remember it. 


Learn names of rocks in collec- 
tion. Test as in above. 

Pass test in identifying micro- 
chips of minerals. 


Optional 
A. Prepare a display of unweath- 
ered surfaces of fifteen local 
rocks. Identify all you’ve stud- 
ied. 
B. Same as in A (above), with 
minerals. 


C. Learn six additional important 
minerals. OE. 

D. Learn five important additional 
ores. OE. 

E. Learn five different varieties of 
quartz. OE. 

F. Collect minerals from two sites 
listed in “Field Trip Guide to 
Onondaga County” (or other 
sites you know). 

G. Make a display of cardboard 
models of different crystal 
shapes. 

H. Perform chemical tests to iden- 
tify several minerals (tests such 
as bead tests, charcoal block 
tests, flame tests). 


I. T&K p. 235 #3 
J. 236, #4 
K. 237, #12 
L. 238, #7 


M. 269, #3 


N. 271, #5 
O. 271, #6 
P. 271, #9 


83 


Ill. Activities (Т and К) 


A. 


© 


чо2®Ж*гт==-_-шо 


Required (A + 12 others) 


211, include color, luster, hard- 
ness, streak, cleavage-fracture, 
and specific gravity of galena, 
hematite, gypsum. 


. 218-2191 


‚ 221 


. 1999 


‚ 223 


‚ 225 (2 analyses) 


- 2271, 2272 (any опе chemical) 
‚ 235, #2 (do heating at home) 


236, #5 (at home or school) 
2431 


2442 
246 
255 
2582 


. 270, #1 
‚ 271, #3 (locally important) or 


NY state important) 


. 237, #11 
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rAS з О 


Optional 

. Compare the specific gravity of 
two rocks by three different 
methods. 

. Attend Syracuse Gem and 
Mineral Soc. meeting. Write 
report. 

. Attend Syracuse University 


Dept. of Geology outside lec- 
ture. 


. Determine weight and volume 


of. eight different pieces of a 
mineral. Graph and explain. 


. Calculate % of weight lost when 


gypsum is heated. Calculate % 
of water in CaSO,- 2Н„О. Pro- 
pose and defend possible ex- 
planations for the difference in 
these two values. 


. Analyze six ог more different 


rock samples from a cliff for % 
calcite. 


‚ 21728 
‚ 2208 
. 235, #3 


236, #4 prepare a collection 
237, #9 
237, #13 or 14 


. 238, #6 


239, #13 


О. 247 


. 249 sketch observations 


250 
266-7 (counts as two) 


. 269, #1 
. 269, #3 
‚ 269, #6 (5 different igneous or 


metamorphic rocks) 


. 270, #10 
. 271, #6 


In an elementary college geology course that the author teaches at 
Syracuse University, he is presently experimenting with a contract of 
the nonbinding type. This contract is a full-semester contract involving 
about thirty required tasks, each graded on a pass-or-fail basis. Required 
tasks include regular weekly laboratory reports. regular outside problem 
sets, field trip reports, short essays, and short, single-skill quizzes (min- 
eral identification, rock identification, map study, and so forth). Each 
of these tasks must be satisfactorily completed in order for a student to 
grade. When quizzes are retaken, the second 
a new one. This discourages 


d puts emphasis on the ability 


receive a minimum passing 
quiz is not a repeat of the first quiz, but 
rote learning of answers to the first quiz an 
to apply skills to new situations. 

In addition to the required tasks, 
are designated, including optional re 
approved lectures, participation in in 
approved independent research projects (either original or library re- 
search). Satisfactory performance of optional tasks is evaluated in short 
oral interviews between individual students and course instructors. Stu- 
dents may propose their own optional readings and other tasks in keeping 
with their own interests. Some students try to spread their optional work 
Over several topics. Others select one or two main areas of interest and 
do studies in depth. In order to qualify for a course grade of C students 
must in addition to completing all of the required tasks submit five 
optional tasks. A grade of B requires fifteen optional tasks, and an A 
requires twenty optional tasks. Further check on quality of performance 
15 maintained by a mid-term and a final examination. No credit is at- 
tached to the mid-term examination, but in addition to completing the 
арргоргіаќе number of required and optional tasks a student must obtain 
ап A or В on the final examination in order to receive an A or B in the 
course, 

Advantages to this type of contract are: 

1. The class as a whole can be kept working on the same 


general required topics, although the slower students may also be finish- 
actory- 


ing work formerly judged unsatisf: | | 
2. The better students аге able to get appropriate credit for 
al interest to them. 


doing outside work in areas of speci : Ыы 
3. No student passes the course without achieving a certain 


itical skills. 


minimum competence in certain СП 
4. Passing the course becomes a matter of hard work and appli- 


cation rather than of skill in taking examinations. Examination pressure 
is lower (except, of course, for the A and B students). 
Elaborate independent study systems involving study їп carrels 


equipped with audiovisual materials, laboratory equipment, programmed 


study material, and tape-recorded instructions are being introduced in 


an additional thirty optional tasks 
adings, film viewings, attendance at 
dependent or extra field trips, and 
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some schools. Other institutions have begun experimenting with com- 
puter-monitored analysis and response techniques. Such systems will 
allow teachers to handle heterogeneously grouped classes in optimum 
fashion. But even when elaborate machinery and facilities are available, 
teachers must still provide opportunities for student—group interaction 
and student-teacher interaction. Good independent study programs also 
can be designed and put into operation without elaborate equipment. 
Contract systems provide a means of being sure that behavioral goals set 
up for your classes are achieved, even in heterogeneously grouped 
classes. Note, however, that you will usually have to set up the details 
of your own programs. You must be certain that you have developed 
adequate behavioral goals before you begin setting up a contract. 
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ACTIVITY 15 


1. Select a unit of study suitable for teaching in rogi ‘ag шо 
to four weeks and write a detailed contract indicating W hat tasks you 


students must be able to perform in order to pass the course. Specify in 


s Г ill 
Дай shout thin чыш ба аайын АЦ Ье: алі how you: мл 
evaluate whet мим от ой HERE 


пег ог not a stirdent Mas reve KS the DIAN еме об 
achievement. List in detail all required and optional laboratory асбу 


specify reading assignments, and other work. 


2. State your behavioral goals. 


3. State the specific concepts with which your contract unit 
deals. 


4, Try your unit out on a class, and, afterwards, solicit their 
opinion on the approach. 


Problems of Discipline 
in an Activity-oriented Classroom 


The word discipline has several meanings. Most commonly, 
teachers think of discipline as having students submit to authority and 
control. If we go back to the Latin roots of the word disciplina: dis, 
apart, and cipere, to hold or to take, we discover that the authoritarian 
view of discipline is not what the word should really convey to the 
teacher. We have discipline in a classroom when students are disciples 
who follow but nonetheless who are taking ideas apart—pupils who are 
learning. A better definition for the teacher to adopt is that discipline is 
“training that develops self-control, character, or orderliness апа effi- 
ciency.” A classroom in which students sit with hands folded is no more 
a disciplined classroom than is a classroom characterized by general 
rowdiness, 

You will have to expect a fairly high noise level in any classroom 
where activities are in progress. In order to decide whether or not learn- 
ing is in progress, you will have to listen to the conversations. If students 
are talking mainly about the activity and arguing over techniques, data, 
and conclusions, then you have good discipline in your classroom, 

The main problem in establishing good discipline is to get off on the 
right foot at the beginning of the year. With an untrained class, start the 
year with somewhat structured activities and discussions. Train your 
class to come in and start working immediately. Convey the idea that 
your classroom is to be a place where serious study is in progress. One 
device to help establish this kind of relationship early in the term is to 
have a snap quiz, activity, or discussion prepared to begin as soon as 
the class arrives. When your students realize that the moment they step 
into the room their study of science begins, you have won the major 
part of the battle. You must, of course, find your own special tricks for 


Webster's New World Dictionary of the American Language, College 
Edition (Cleveland: World Publishing Company, 1960), p. 416. 
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establishing an aura of “science in progress” for your classroom. Once the 
tone of your relationship with the class is properly set you may proceed 
to more open-ended exercises in which you give the students progres- 
sively more liberty to approach problems in their own ways. 
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Developing a 
Personal Style of Teaching 


The author has not intended in the preceding pages to try to 
impose any particular style of teaching. Necessarily, there must be as 
many different styles as there are teachers. What works for one teacher 
will not necessarily work for another. Furthermore, in order to be effec- 
tive, a teacher should be the master of several different styles or ap- 
proaches, because not all students will respond to the same style. 

First try to discover the style of learning of each of your students. In 
the early stages of evaluating your class, attempt to categorize your 
students according to the techniques to which they as individuals respond 
best. (Note the importance here of keeping careful records evaluating 
each student. Anecdotal records will probably be most helpful in cate- 
gorizing your students.) Once you have recognized differences in learn- 
ing styles you can gradually help students with poor learning techniques 
improve their study habits. Point out to the class as a whole interesting 
differences in learning behavior and style of individual students. Mem- 
bers of a class should be able to see and evaluate the relative effective- 
ness and speed of methods used by their peers to work out problems in 
different ways. Exploit differences within the peer group to fullest ad- 
vantage rather than attempting to shape a class in your own image. The 
ability to perceive differences in learning behavior of various students 
and to adjust teaching style accordingly is one of the most important 
attributes of an effective teacher. 

Even with individual students you must vary the style of your teach- 
ing. A classroom without variety and surprises quickly becomes dull. All 
of the methods with which you have experimented during the preceding 
pages and also other techniques you will find described in other methods 
books should be used from time to time. 


Basically, ways of teaching and learning in the classroom can be 
divided into three main categories: 
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1. Activities. This category includes laboratory experiments, 
workbook exercises, problem solving, student demonstrations, prepara- 
tion of reports and projects, and any other student research activity in 
which the students are physically involved in independent or group 
work and the teacher merely supervises in a general way and from a 


distance. 

2. Discussions. Any discussion involving both teacher and stu- 
dents would fit into this category. Discussion involving only students 
(student—student arguments and conversations) might more appropri- 
ately be considered under the activities category. 

3. Presentations of information. Lectures or straight talk by the 
teacher, presentation of oral reports by students, use of many kinds of 
audiovisual materials, teacher demonstrations, and any other presenta- 
tions in which the class as a whole passively listens or simply reads 
would be included in this category. 

Naturally, what goes on during any one class period will rarely fit 
exclusively into one or another of these categories. More likely at least 
two and perhaps all three of these categories might be in use in some 
kind of blend. For example, lectures are often interrupted by short dis- 
cussions of unclear points. Laboratory investigations may be introduced 
by teacher talk and interrupted at appropriate times by teacher talk or 
by class discussion of problems in technique or presentation and exam- 
ination of results. However, at any one moment what is going on in the 
classroom may be assigned exclusively to one or another of these cate- 
Zories. 

A useful way of representing the kinds of blends of categories that 
might be used is a triangular diagram such as the one below. In 
the diagram, each corner represents 100% of the teaching method named 
in the corner. For example, point a in the diagram represents a class 
Period devoted entirely to activities. Point b represents a period in which 


100% Activities 
—— 


b—» 


100% Discussion 100% Presentation of Information 
50% of the time was spent in discussion and 50% in performing activities. 
Point с represents a class period during which most of the time (about 
80%) was spent in class discussion, but during which the teacher spent 
a small percentage of the time (about 10%) presenting information and 
in which the students spent about 10% of the time working on an activ- 
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ity. Any point on one of the sides of the triangle represents a blend of 
the two behavioral types described by the words at the ends of the line, 
the percentage of each being proportional to the distance away from 
the opposite end of the line. Any point within the triangle represents a 
blend of the three categories. 

Not only can single class periods be rated on such a triangle, but a 
whole unit of work or a whole course can be plotted so that we can see 
graphically just what teaching method predominates in any classroom. 
This can be done qualitatively, by making a rough guess as to what 
particular blend was involved in each day’s class and then plotting a 
point on the diagram to characterize the class period. Or it can be done 
quantitatively by developing a rating scale such as the Flanders scale 
described in the chapter on evaluation so that an objective measure of 
the amount of time spent on each of the categories may be obtained. The 
figure below is an example of a diagram representing about five weeks 
of classroom time (twenty-five class periods). From the distribution of 
points, each of which represents the blend of activities in a single class 
period, it can be seen that the teacher represented spends most of his 
class time on combinations of activities and discussions with an occa- 
sional lecture, report, demonstration, or reading period. 


100% Activities 


100% Discussion 100% Presentation of Information 
The diagram below summarizes a unit of twenty-five class periods, 
which would be characteristic for a teacher with quite a different 
emphasis: 


100% Activities 


100% Discussion 100% Presentation of Information 


In this example the teacher is primarily engaged in the presentation of 
information and the students are apparently given little opportunity to 
perform activities of any kind. Some class discussions do take place, but 
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there is always a strong element of “presentation of information” in the 
lessons. 

Thus, triangular diagrams such as the examples shown above repre- 
senting a continuum of variation among the three categories of teaching 
(and learning) behavior can be divided up roughly into fields that give 
broad information about the kinds of things going on in the classroom. 
The diagram below is divided to show what the average positions might 


mean, 


100% Activities 


100% Discussion /N /\ 
Field A represents basically a lecture-textbook approach, which is prob- 
ably a course mainly in history of science rather than in science. Field B 
represents a classroom in which there are few purely investigative things 
going on but in which there is great variety of teaching behavior. Field 
C includes classes where discussion is the primary activity. Field D is a 
classroom in which student activities predominate. 

Which field of the triangle should you aim for in planning your own 
course? This must be determined by your own specific classroom goals. 
In general, however, if you wish to teach science, avoid an average level 
of performance that would fit into Field A. The triangle below shows 
where the author feels that teachers should operate: 


100% Presentation of Information 


100%Activities 


100% Discussion 100% Presentation of Information 


If, in the course of evaluating your own teaching behavior, you find that 
your classes on the average fall into the zone marked “non-science,” per- 
haps you should re-evaluate your teaching methods. 

Developing an effective personal style of teaching science involves 
more than simply looking at your teaching from the viewpoint of activ- 
ities, discussions, and lectures. One man’s lectures may be more potent 
than another man’s discussions or activities. In addition to evaluating 
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whether an activity, discussion, or presentation is going on in the class- 
room you must also examine, evaluate, and develop another dimension: 
the mode of your approach. Let us consider two main modes of teaching: 


1. The authoritarian mode. 
2. The investigative mode. 


The authoritarian mode appears in lectures when the instructor pre- 
sents conclusions as more or less absolute and when he stresses rightness 
or wrongness—with his own answers and ideas representing the absolute 
“right” in the class. Note an apparent contradiction however: many so- 
called activities can also be taught in the authoritarian mode. This would 
apply strictly to books with fill-in answers that are “right” or “wrong” and 
in which the student must prove some predetermined result in order to 
get credit for having done the exercise. Many workbooks impose an 
authoritarian mode on activity situations. Many textbooks are inherently 
authoritarian in nature. They present science in terms of absolutes, Dis- 
cussions may be taught entirely in the authoritarian mode. For example, 
the teacher may ask questions that the students must answer in certain 
words. Or the “discussion” may be entirely a matter of having students 
define words assigned as homework or of having students parrot conclu- 
sions from previous lessons or from the book. 

The investigative mode, on the other hand, appears when you require 
your students to formulate their own classifications, definitions, and 
conclusions, when you require them to analyze data and accept, discuss, 
and analyze their results whether or not these results coincide with what 
you as teacher had expected. It is entirely possible to lecture in the 
investigative mode. In order to do this you would carefully outline all 
data leading up to a generalization and then proceed to analyze the 
generalization in terms of its limitations and general applicability. Text- 
books written in the investigative mode ask frequent questions, which 
force the student to analyze situations and make his own conclusions. 
Discussions conducted in the investigative mode involve acceptance, 
recognition, and analysis of student answers and ideas rather than a 
striving to get at some predetermined answer. Activities in the investiga- 
tive mode may be either structured or open-ended, but they must never 
spell out procedures too carefully, and they must not lead inexorably to 
some single conclusion or answer. 

Obviously there is a continuum of variation between the two modes. 
This continuum can be represented as the line segment shown below. 


Investigative Authoritarian mode 
mode 100% 100% 


On this line, a point near the “investigative” end would mean that the 
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teacher generally uses the investigative mode of teaching and only occa- 
sionally brings in an authoritarian note. The author doubts seriously if 
it is possible to teach entirely in the investigative mode. On the other 
hand, it is clear that far too many science teachers limit themselves 
almost entirely to the authoritarian mode. 

As you develop, analyze, evaluate, and modify your own teaching style, 
it is more important to be concerned with the mode of your teaching 
rather than with whether or not you have a high “activities rating.” It is 
probably safe to make a few tentative generalizations about the rela- 
tionship of the triangular diagrams representing the classroom blend of 
activities, discussions, and presentations to the linear diagram represent- 


ing variation in mode of teaching. 


100% Activities 


100% ра 100% 
Investigative АК ШЕ z Authoritarian 
mode -E y mode 
E 
A 
100% 100% Presentation 


Discussions of Information 


1. In general, teachers who stress presentation of information in 
the long run teach mainly in the authoritarian mode. 

2. Teachers who stress activities and discussions may or may 
not teach in the investigative mode. This depends entirely on how they 
conduct their classes. 

In short, do not feel confident that just because you are doing a lot 
of activities and conducting a lot of discussions, you are necessarily 
doing a good job of teaching science. In any science course the mode 
of teaching you choose to adopt and the relative proportions of activities, 
discussions, and presentations must be consistent with your goals. If you 
wish for your students to use scientific approaches to problems, the 
teaching style you develop must help you attain this goal rather than 
hinder you. As you write and analyze the detailed behavioral objectives 
for your course, make sure they are expressed in the nonauthoritarian 
(investigative) mode. Consider the following examples: 


At the end of this unit of study the student should be able to show 
that the angle of reflection of a ray of light is equal to the angle of 


incidence. 
b. At the end of this lesson the student should be able to define density 


as the amount of mass in a given volume. 


a. 


Both of these objectives, although properly stated in behavioral terms, 
are stated in the authoritarian mode. They specify exactly how the stu- 
dent must phrase his conclusions and define his terms. The obvious way 
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to test for these objectives is to ask simple recall questions requiring 
only rote memorization—a very low level of behavior. The two examples 
given can be restated in the investigative mode so that they require more 
sophisticated (and scientific) behavior: 


a. (Revised) At the end of this lesson the student should be able to 
formulate conclusions about the relationship between incident and 
reflected rays of light, and he should be able to apply his conclusions 
to the solving of new problems. 


b. (Revised) At the end of this lesson the student should be able on the 
basis of his experimental work to formulate a definition of density 
and to differentiate among density, weight, volume, and mass. 


Using the revised set of objectives written in the investigative mode will 
force you to use a more open-ended approach in both teaching and 
evaluating your students. 

One of the biggest problems teachers face is to keep out of the way 
of the students. You cannot learn for them. АП you can do is point out 
directions and help facilitate their learning. Remember that, on the part 
of the teacher, talking is not necessarily teaching, and, on the part of 
the student, listening is not necessarily learning. The primary goal of all 
teaching is to make students self-educating people. They must learn not 
only what happened last year or the year before, but how to deal with 
new information and how to analyze, evaluate, and integrate new knowl- 
edge into their overall system of concepts. Furthermore, where the old 
framework of knowledge seems faulty, we want our students to have the 
courage and skills to challenge old ideas and to replace them with new, 
more soundly based conclusions and generalizations. 

A final word of advice with regard to developing the teaching style 


that will take advantage of the particular gifts you have to bring into 
science teaching: 


| exPeRimenn 
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ACTIVITY 16 


EVALUATING Your TEACHING STYLE 


1. Keep a log book to evaluate your teaching methods: 

A. Each day mark a point on a triangular diagram to deter- 
mine over a period of several weeks where your teaching 
falls with respect to activities, discussions, and presenta- 
tation of information. 

B. Each day mark a point on a line representing the con- 
tinuum of mode of teaching between authoritarian mode 


and investigative mode. 


ж ++ CERTIFICATE * ** 


1 HEREBY CERTIFY THAT I WILL CONDUCT 
SYSTEMATIC EXPERIMENTS WITH MY STYLE OF TEACHING, I CERTIFY THAT I 


WILL AT LEAST GIVE A FAIR TRIAL TO EACH OF THE TEACHING METHODS 
PROPOSED IN THE PRECEDING PAGES, 

І ALSO CERTIFY THAT I AGREE NEVER TO BECOME SATISFIED WITH MY TEACHING. 
I WILL CONTINUE TO EXPERIMENT AND TRY TO EVALUATE NEW APPROACHES AS 


LONG AS 1 REMAIN A TEACHER, 
Signed: 


= 
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Part Two 


READINGS ON THE 
PHILOSOPHY AND METHODS 
OF INQUIRY TEACHING 


IN SCIENCE 
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Concept Formation and the 
Nature of the Learning Experience 


You were asked several times during Part One of this book to 
consider the nature of concept learning and to experiment with the 
recognition, formulation, and teaching of concepts. The articles included 
in this section on concept formation further explore the reasons for being 
concerned with concept learning. Professor Bruner, for example, makes 
the observation that the so-called information explosion that bothers 
many scientists, teachers, and students may well be an information 
implosion, if we observe that the more and more powerful generalizations 
and conceptual frameworks being developed are actually reducing and 
clarifying the most important scientific understandings and making them 
ultimately easier for man to grasp. The basic problem becomes one of 
recognizing what is significant in science and what is clutter. A great 
deal has recently been written and said on how learning experiences 
should be best organized so that teachers can most effectively lead their 
students to an understanding of science. The following five articles con- 
sider what is to be taught, how curriculum materials may be structured, 


and how the formation of concepts in students may be evaluated, 
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Liberal Education for All Youth* 


Jerome S. Bruner 


I propose to explore four or five questions that are at once philo- 
sophical, partly answerable, and profoundly practical in their implica- 
tions. They are practical in the sense that they may guide the manner 
in which we deploy our educational resources, prepare our teachers, 
construct our materials to be taught, and view our pupils. They are 
questions that should be reopened often enough to assure that our edu- 
cational enterprise is remaining receptive to new knowledge, yet not so 
endlessly debated that we grow weary of them. For they deal with mat- 
ters of wearying difficulty. 


Has anything been discovered about the nature of human intel- 
ligence that suggests we can better assist its growth than we are now 
doing? 

The evidence is overwhelming now that the evolution of intelligence 
came as a result of bipedalism and tool-using. The large human brain 
gradually evolved as a sequel to the first use of pebble tools by early 
near-man. Natural selection favored the primitive tool-user, As human 
groups stabilized, tools became more complex and “shaped to pattern,” 
so that it was no longer a matter of reinventing tools in order to survive, 
but rather of mastering the skills necessary for using them. In short, 
after a certain point in human evolution, the only means whereby man 
could fill his evolutionary niche was through the acquisition of the skills 


necessary for him to use the implements, devices, and techniques that 
were available to him. 


°Reprinted from The Science Teacher, V. 32, No. 8., Nov., 1965, pp. 19-21. 
©, by permission. 
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Two parallel evolutionary developments might also be noted. First, 
man’s prolonged and impressionable childhood made possible the acqui- 
sition of skills for manning the evolved system of tools. Second was, of 
course, the emergence of human language, a system for communicating 
unlike anything seen before in the animal kingdom. Whatever else its 
uses to man as a species, one of the supreme benefits of language was 
to increase man’s power to instruct the young. 

In general, the tools or implement systems that have served to amplify 
man’s powers are three—amplifiers of the muscles, amplifiers of the senses, 
and amplifiers of thought processes. 

The acquisition of skills is the proper occupation of the prolonged 
childhood that is characteristic of man—of skills and the attitudes of mind 
and heart that make possible their wise use later. The skills must be such 
as to make it possible for the person to utilize the powerful technologies 
of the culture as multipliers of mind: the technologies of the hand and 
arm, of the senses, not only for seeing and hearing, but for looking and 
for listening, and for reflection and analysis. 

Man’s mind, because of its capacity to be increased in power from the 
outside in, has a potentiality that can never be estimated without con- 
sidering the tools he has available for using his mind. His powers, then, 
are not simply his own but are communal in the sense that their unlock- 
ing depends upon the success of the culture in developing means for the 
individual’s use. The proper aim of education, the proper design of a 
curriculum, the very shape of a school must, then, take into account the 
task of empowering the hands, eyes, and minds of men with the where- 
withal to use what the culture can offer. At the same time, the culture 


must maintain itself in order to fulfill this function. 


П 


What characteristics of intellectual growth in children need espe- 
cially to be taken into account better to assist the individual to the 
achievement of his full powers? The activities that foster intellectual 
growth are, in the main, self-rewarding. That is to say, given an oppor- 
tunity, infants will exercise curiosity to drink in their environments, the 
more so as they are given intervening opportunities to do so. No outside 
reward seems necessary. They will manipulate and perambulate and con- 
struct and take apart—provided there is an opportunity for them to carry 
out these activities without resultant injury or harm or frustration that 
may inhibit such activity. Such competence-building activities are very 
early supplemented by another self-rewarding human tendency to pat- 
tern oneself and one’s activities on some “identification figure,” some 
emotionally significant adult human being. Taken together, these two 
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self-sustaining forms of activity can provide a highly durable program 
for keeping intellectual growth going. But while they are durable, they 
are not indestructible, for they are dependent on freedom from injury 
and upon maintaining a tolerable level of frustration. The exploring and 
learning with a tutor present should be less punishing than exploring and 
learning without one. 

The course of cognitive growth can also be thought of as the mastery 
of a set of prerequisites, with the mastery of one skill making it possible 
to go on to the mastery of ever more powerful and complex ones. 
Whether the prerequisite is of the kind that constitutes the mastery of 
components for a higher skill, or the mastery of a skill to reach a higher 
skill, or is of the kind that involves suppression, it is quite plain that 
we need a relatively clear sense of what has to be attained at the later 
stages to plan the order of learning at the earlier levels. 

Intellectual growth appears to go through what may roughly be called 
phases or emphases. It may well be that these phases reflect the three 
major amplifier systems that man uses for achieving his full potential. 
At the outset, most of what the child is learning is motoric in nature: 
to do things and to get to know things in terms of what one can do to or 
with them. In time there is added a rich array of techniques for imaging 
things, and the perceptual world gradually becomes autonomous of 
action: A thing can be considered without references to. what one is 
doing with it. In time we learn to conceive of the world not only in 
terms of acts and images, but also in the symbolic coin of words and 
sentences. Act, image, and symbol, then, all become the means whereby 
the adult knows his world. 

To put it in an instructional context, one can know the classical 
mechanics in physics first in the playground sense of understanding how 
to get a seesaw to work, a lever which provides further means of know- 
ing it. With language, one can strip the image down to a schematic 
diagram, and eventually be able to state its properties not only pictorially, 
but also in the more compact language of mathematics as Law of Mo- 
ments, or more simply as the fact that a weight of 50 pounds placed 
3 feet from the middle of the seesaw can balance a weight of 150 
pounds one foot from the center. And what then of 3 pounds at 50 feet 
or a half-pound at. 300 feet? To introduce the beautiful symmetries of 
the seesaw to the young child, one does far better to begin with the 
physical exploration of balancing, then to go on to diagrams, and finally 
to the ideas of fulcrum, force, distance, and the like. As long as one has 
some sense of where one expects the child to go, it is challenging and 
delightful to organize or invent materials to help him find his way there 
by using such modes of knowing as he already has established. 

In short, if I may repeat a phrase that deserves to be repeated end- 
lessly, it is possible to teach any subject to any child at any age in some 
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form that is honest—and interesting. The challenge is to find how to 
represent the idea in a mode that is within the child’s reach and then 
to proceed from there to a more precise and deeper representation. It is 
this that I once called a spiral curriculum. 

This much having been said, it is no surprise that the evidence of a 
quarter century of research underlines the importance of early child- 
hood for intellectual development—the years before ever the child arrives 
in school. School itself is a relatively new invention in the world. It 
should not be astonishing that we have not yet discovered a proper 
means of preparing the child for school. There exists neither a decent 
theory of toys per se, and hardly an inkling of the educational use of 
toys. Nor do we know what role early dialogue between parent and 
child has, beyond language learning, where it is crucial enough. It may 
also be critical in helping the child organize his thoughts. One of the 
best ways of predicting how well a child will do in school is to base 
the estimate on how often he is involved in conversation with parents— 
at the breakfast table, for example, where he learns to fit his thoughts 
to the measure of language. 

Perhaps the most important thing that we can do for a growing child 
from the intellectual point of view, is to design curricula for him that 
permit him to achieve skill in at least one area of knowledge, to experi- 
ence the self-rewarding and confidence-giving pleasure of going deeply 
into something. . . . What I am proposing suggests that we should cut 
down drastically on the coverage in what we teach to any one child and 
concentrate instead upon a multiple approach to a few basic ideas, atti- 
tudes, and skills in order that we keep alive a sustained satisfaction in 


mastery, 


ш 


Have we learned anything about the nature of knowledge and 
knowing that alters our conceptions of how best to organize it for learn- 
ing, retention, and use? The past half-century has surely been one of the 
richest in the history of our effort to understand the nature of knowledge. 
Advances in the foundations of mathematics and logic, in the “theory of 
theory” in science, in the general theory of information, in linguistics and 
Psychology—all of these have led to a deeper knowledge of knowledge. 

The first thing that has changed—and perhaps it comes principally 
from the revolution in physics in the last half-century—is the conception 
of what a theory is. A theory is far more and far less than an unproved 
statement of the facts. It is something more than a generalization about 
what happens—or more than a statistical statement about what is more 
and what is less likely to happen. It is, rather, a formal model, a set of 
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propositions about things and ways of reordering those propositions that 
generate, from time to time, predictions about the world to which the 
theory hopefully relates. Armed with a theory, one is guided to things to 
look for and, if the theory is any good at all, it should provide one with 
a terse account of what is known without the burden of details. A theory 
is not only the fruit of experience with what is known, but a product of 
imagination and careful fantasy in ways of expressing it so that one can 
go beyond the known. It is a canny way of keeping in mind a vast 
amount while thinking about a very little. 

What is perhaps most important about this way of viewing theory is 
the attitude it creates toward the use of mind. Theory is a construction 
of the scientist, a result of using the disciplined imagination. It is a 
way of humanizing knowledge, of recognizing that to know is to have 
done far more imaginative things than simply to search successfully. 

The second thing about knowledge is that it can be expressed in many 
forms. No matter how abstract the theory may be and no matter how 
compact its expression, it can still be rendered in ordinary English or in 
diagrams, provided one has enough time to say it. There are idioms into 
which knowledge can be translated that are of the form or in the mode 
that are within the grasp of children, 

The third thing that can be said about knowing is that there are a 
relatively small number of general operations used and ways of stating 
what one has come to know, no matter what the subject. The small set 
of knowing skills and of ways of stating what one knows has many vari- 
ations. There are many fewer forms of matter than were thought to be 
the case before Mendeleev, many fewer ways to convert external nutri- 
ment into a cellular substance than there are kinds of nutriments and 
cells, many more kinships beneath the surface of things than meet the 
untutored or innocent eye. One can, in short, become alert and deft 
about using the mind, the eye, and the hand for a variety of purposes. 

Knowledge has a structure, a hierarchy, in which some of what is 
known is more significant than the rest of what is known about some 
aspect of life or nature. The task of the curriculum maker and of the 
teachers is to give to the student a grasp of this underlying structure so 
that he may be saved from that most common blight on human thinking: 
clutter. Do not take a charitable view toward irrelevant detail. It is not 
harmless. It is lethal. 

The fourth thing that can be said about our knowledge of knowledge 
is that very little of it can be dealt with by the human mind at one time. 
A concept, or the connected body of concepts that is a theory, is man’s 
only means of getting a lot into the narrow compass of his attention at 
one time. Without some such aid, there is clutter, 

The fifth and final thing to be said 


about the nature of knowledge is 
that it is exploding. The know 


ledge explosion, to be sure, is something 
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of a hoax. From outside it looks like an explosion. From inside it seems 
more like an implosion. For not only is there ever more of it around, but 
it turns out on closer inspection that it is all more interconnected than 
ever before suspected. Though there are many more facts, there are far 
more powerful theories with which to reduce or implode them to an 
order than can be understood. The working solution to the knowledge 
explosion is to cultivate the arts of connecting things that are akin, con- 
necting them into the structures that give them significance. If one 
needed a single argument for reemphasizing concepts and structure in 
the design of a curriculum, this one would, I think, suffice. 


IV 


How shall our image of ourselves as men be kept intact and 
instructive while that image is also kept responsive to the new forms of 
knowledge and sensibility that come into our possession? Let me propose 
a view. Our population is becoming increasingly urban, and it is char- 
acteristic of urban life that it is marked by a certain protective anony- 


mity. Our great metropolitan areas have not only a problem of urban 
rot and urban renewal at their centers, but a problem of increasing 
blandness and remoteness from life at their bedroom-suburban_peri- 
pheries. We may be suffering a loss of moral richness at the periphery 
of our cities, At the center, in our slums, the problem is quite different 
and in the short run far more serious: it is a problem of loss of hope. 
Yet, for all our deep worry over hopelessness in the city and suburban 
Provincialism outside, neither seems to blunt one particular human ca- 
pacity that overrides both: the sense of drama, the mysterious device by 
which we represent most vividly the range of the human condition. 1 
would urge that in fashioning the instruction designed to give children 


а view of the different faces of man, you consider more seriously the use 


of this most powerful impulse to recognize the human condition in 


drama, and, thereby, the drama of the human condition. 


у 


bring together our various threads with a view of 
reexamining our conduct and philosophy of education. 
It would seem to me, first, that at the very least, elementary education 
might well receive a fresh and very complete overhaul—including an 
Overhaul in our approach to the training of teachers. We should, I be- 
lieve, give a much higher priority to the early years—the elementary 
school and the pre-school years, for it is likely the case that well begun 
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Let me now 


is better than half done. Our emphasis should be upon the cultivation 
of the skills of mind, the skills of inference and reasoning needed for 
grasping the connectedness of knowledge and its patterning that gives 
significance to particulars. The road to skill and to delight in the acquisi- 
tion of it is probably in shape like a spiral. One begins at some lower 
level, exercising one’s understanding of a great idea in some intuitive 
way, usually in some way that has to do with action, with what and how 
one does something, returning to it again and again with more and 
more powerful ways of picturing it, of symbolizing it, of acting in its 
behalf. Let the ideas we teach be great enough to warrant the revisits 
and to absorb the increase in skill that a learner brings to them. The 
ideas that are worth considering at the frontiers of knowledge are worth 
considering in the elementary school in their appropriate form. 

We have, I believe, already achieved a revolution in American educa- 
tion in the last decade. It has again become a preoccupation of the com- 
munity at large, but more interesting still, a passion in the intellectual 
community as a whole. 
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Does Experience Equal 
Understanding?* 
David P. Butts 


Once we recognize that one of our primary tasks is to help the 
student develop conceptual understandings, the first question is: How 
can this be done? What causes a concept to be developed? What can a 
teacher do to insure that each student will, in fact, develop conceptual 
understandings? Certainly we all agree that the student must have 
such understandings as the foundation for further study or interpretation 
of his environment. 

First, we must understand what a concept is and how it develops. 
Suppose we assume that а concept represents an interpretation of an 
event by an individual. Then, let us see whether we can begin with the 
event and work forward to the concept. Obviously, the experience of 
the event must precede interpretation. It may also be that the more the 
student is permitted self-direction within his experiencing of an event, 
the greater the meaning this experience will have for him. Firsthand 
experience and independence in handling the experience seem to be 
necessary conditions for meaningful interpretation of an event—or for 
conceptual understanding. 

We reason that independence is important because complete freedom 
within the experience permits the student to select those parts of the 
experience for interpretation that are meaningful to him. This should 
enable him to develop a greater conceptual understanding of that event. 

If we set up an equation for the development of conceptual under- 


Standing we have: 


Experience + Independence in manipulation of the experience = Con- 


ceptual understanding 
°Reprinted from The Science Teacher, V. 30, No. 8, Dec., 1963, pp. 81-82. 
©, by permission. 
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The logical arrangement of experience and independent manipulation 
as a prerequisite for concept development sounds good. Is it practical? 
Does it work? Is the equation complete? Do we have any evidence that 
students learn in this way? 

Unfortunately, there is little conclusive evidence that the equation is 
complete or even accurate. For example, Watson and Cooley suggest that 


We have little clear evidence as to how and when the developing child, 
provided with selective experiences, can form dynamic classifications. 
Our intentions must be consistent with what the child can do; and we 
do not know much about the child.! 


To test the accuracy of our equation, as well as to learn something 
more about the child if possible, we conducted a small study with chil- 
dren at the University of Ilinois.2 Within the experimental design, the 
student was confronted with the phenomena of a science experience and 
little else. He was given the freedom to do with the experience what he 
wished. The phenomena of these experiences were centered around four 
concepts—displacement, inertia, action-reaction, and depth-pressure rela- 
tionship. For each concept, four experiences were provided in which 
problems were not identical but attention was focused on events related 
to a single concept. The researchers thought that by using four experi- 
ences it might be possible to determine whether any growth in under- 
standing occurred between these experiences. The structure of each ex- 
perience included three phases: experience, question, and manipulation. 


EXPERIENCE PHASE 


During the experience phase, the students observed an illustra- 
tion of a science principle. They were seated around a demonstration 
table set up with equipment necessary for the experience. Each student 
was asked to predict what would happen when certain things were done 
and to write a rule explaining why this would happen. The students 
observed the demonstration but remained silent. The experiences were 
designed to afford each student the opportunity to formulate rules for 


1Fletcher G. Watson and William W. Cooley. “Needed Research in Educa- 
tion.” In Rethinking Science Education. Fifty-Ninth Yearbook of the National 
Society for the Study of Education. Chapter 16, Part 1, p. 302. 

2This article discusses some of the implications which seem apparent from 
a study “The Degree to Which Children Conceptualize from Science Experi- 
ences.” The investigation was conducted at the University of Illinois during 
1961-62. The author was the principal investigator. For a description of the 
methodology and analysis of the data from the study, see David P. Butts, “The 
Degree to Which Children Conceptualize from Science Experience.” Journal 
of Research in Science Teaching, 1:135-143. June 1963. 
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what he thought he would see. As an illustration for the concept of dis- 
placement (two things cannot occupy the same place at the same time), 
these experiences were used: 


I. The children saw a bell jar partially filled with water. A drinking 
glass was held above the jar, inverted, and pushed down into the 
water. As they observed, the water did not go into the glass. The 
students were asked to explain in writing why the water did not rise 
in the glass. 

П. A thistle tube was inserted into a one-hole stopper. A gallon jug 
about two-thirds full of water was placed on the table, and the 
stopper placed in the top. The students predicted what would hap- 
pen if water were placed in the thistle tube. They then wrote the 


explanation of their prediction. 

Ш. One thickness of cheesecloth was fixed tightly over the opening of a 
flask. This was placed near a stream of water which was about one- 
fourth inch in diameter. The students predicted what would happen 
if the flask were placed under the water and explained the reason 
for their prediction. 

IV. A glass filled with water was held in an inverted position under the 
water’s surface. A second glass was inverted and held slightly below 
the first glass and to its left. The students predicted what would 
happen if the second glass were tilted and explained the reason for 


their prediction. 


QuesTION PHASE 


The question phase followed the completion of written responses. 
The procedure was specifically designed to try to keep each student 
independent in his search for understanding. The student was forced to 
rely upon his own cognitive capacities in order to see the relationship 
between the phenomena of this experience and his past experiences. He 
could ask any questions he desired. It was explained, however, that the 
teacher would only answer those questions which could be answered by 
a “yes” or “no.” In the event that there were questions which asked for 
explanations (directed learning), the investigator responded with “How 
would you find out?” This was an effort to return the student to inde- 
Pendent learning. Thus the students were forced to depend on their 
individual understanding without the direction of the teacher giving 


information and explanations. 


MANIPULATION PHASE 


When the group’s inquiries were satisfied, the students were per- 
mitted to manipulate the apparatus of the demonstration in any way 
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they desired. Since this class was involved in other activities, the appara- 
tus was placed on a separate table and was not the main focus of atten- 
tion. Usually, however, for the remaining portion of the class meeting 
time, the apparatus was in constant use. It was not unusual for the 
students to come to the next sessions with more ideas about the experi- 
ence and more questions or suggestions about the verifications of their 
ideas. 


RESULTS 


By careful analysis of the students written responses on each of 
the four experiences, it was possible to evaluate their understanding at 
the beginning and their understanding at the completion of each group 
of experiences which dealt with the same concept. Their conceptual 
understanding was inferred to be the result of experience plus inde- 
pendence as per our equation. 

What evidence does this study have to offer concerning the adequacy 
of the equation on conceptual understanding? Although this group of 
fourth-, fifth-, and sixth-grade children were bright (median IQ 124), 
there was no significant progress in understanding. Some made progress, 
others did not. Does this mean that the equation is completely wrong 
or in need of a revision? 


Wuar 1s NEEDED? 


At this point, we can only hypothesize. From what is known 
about children and how they think, some useful clues are suggested. A 
child perceives a new situation from the vantage point of his past experi- 
ence. That is, concepts represent the dynamic interaction of the student 
with the phenomena of experience. Within this experience, specific data 
have been organized and the organization perceived. From a pattern or 
configuration of these perceptions comes the concept. This interaction is 
twofold. In addition to developing from perceptions, concepts also help 
focus the attention of the student within the new situation. The data of 
that new situation do not change. Which of them are perceived by the 
student is determined by that student's conceptual background. The 
greater the fund of knowledge, the more direction the student has within 
his experience. Lacking an adequate fund of knowledge, can the student 
find science meaningful? Isn’t the teacher’s direction of the student’s ob- 
servation of the concrete experience important at this point? This help 
is related to the student's need to see those aspects of the situation which 
will help him form more accurate, complete, and functional conceptual 
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understandings. Thus, could it be that the younger the child, the less 
helpful is his past experience and the more necessary the direction of 
the teacher? Does he need not only firsthand experience and opportunity 
to manipulate, but also the intellectual guidance of a teacher in order 
that this new experience will be a set of puzzle pieces that fit together 
in an understandable manner? This suggests that the equation should be 
modified to 


Experience + Independence in manipulation + Direction depending 
upon cognitive maturity = Conceptual understanding 


What does this new term in the equation mean for the teacher? When 
and how much direction should the teacher give to the student? Atkin 


and Karplus suggest that: 


tion of a new concept], the teacher must make clear 


During [the introduc! 
dren can be interpreted (or per- 


which previous observations of the chil 
haps reinterpreted) by using a concept. Further, he must follow the 
introduction with opportunities for the children to discover that new 
observations can also be interpreted by using a concept. This type of 
discovery is made possible by the availability of a concept to the chil- 
dren, because their perception is oriented by the teacher’s formulation 


of the new idea.* 


It is important to emphasize that the teacher is not “telling the stu- 
dents” or playing the role of “information giver.” The teacher is clarify- 
ing the relationships within the student's experience in such a way that 
he is motivated to continue to search for understanding. The attitude of 
the teacher in this intellectual guidance may well be the most important 
determining factor of future cognitive growth of the student. The degree 
to which the teacher's attitude controls the student’s desire to continue to 
search for understanding represents another area of needed research. 

At present, there is no empirical evidence to support the accuracy of 
the equation’s modification. Аз an intuitive beginning, this modification 
appears to be helpful. We need to know more about the student in our 
classrooms and how he develops conceptual understandings. This knowl- 
edge will enable us to be more intelligent directors of his search for 


meaning in science. 


3J. Myron Atkin and Robert Karplus. “Discovery or Invention.” The Science 


Teacher, 29:47. September 1962. 
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Concept Learning in Science* 


Milton O. Pella 


Concepts have been cited as the products of scientific DER 
as the basis for further scientific studies, and at times as the knowledge 


that is applied by the technologist. Concepts in and of science, according 


i sci i ion. 
to some educators, are to be the desired outcomes of science instruct 


of 
Concepts are important not only because they are the warp and a 
of science, but also because they provide the possessor with a means 


coping with the development of knowledge in the future. It seems that 


i à ]- 
one way known to provide for maximum coverage of old and a oe 
edge is through the development of a classification system. reget sel 
tion of concepts or conceptual schemes is one method of classifica 


i i ated b 
which results in such economical use of human intelligence. As stated by 
Philip Phenix: 


The only satisfactory answer to the crisis in learning lies in the formula- 
tion and persistent use of key concepts. . . . ® 

Key concepts probably should not be taught explicity and oe. a 
least to beginners. It does mean that particular items of know еа ge 
should be selected and used with an eye to their exemplification of the 
basic concepts of the field. А 

Ineffective teaching and learning, according to this thesis, are due AS 
no small degree either to the failure to understand the need for compre- 
hensive organizing concepts and their function in the economy of learn- 
ing or to using the wrong key concepts (e.g., mistaken idea of what 
science really is). ick 

It is claimed that some concepts of high generality can be found which 
will provide truer insight into a field than could be gained by mere 
heaping up of isolated scraps of information. As knowledge develops the 
organizing principles change—old disciplines decline and new fields open 
up. Discovery of powerful key concepts applicable to a given group of 
ideas is the best way of defining a field of knowledge. [9] 


"Reprinted from The Science Teacher, У. 33, No. 9, Dec., 1966, pp. 31-34. 
©, by permission. 
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Concept formation results in a simplification of past, present, and 
future experiences, because individual facts become parts of the ideas. 
A concept may be viewed initially as a summary of the essential char- 
acteristics of a group of ideas and/or facts that epitomize important 
common. features or factors from a larger number of ideas. Because of 
their comprehensive nature, concepts are useful to the individual in gain- 
ing some grasp of a much larger field of knowledge than he has per- 
sonally experienced. He is able to interpret and assimilate new infor- 
mation into the old schemes through the modification of existing concepts. 


Wuar Is a CONCEPT? 


Reflection upon the nature of a concept given here “initially” 
reveals that such a definition is not fruitful in answering teaching- 
learning questions. There is need for a more specific definition or descrip- 
tion before the many questions essential to teaching and learning concepts 
may be studied; there is need for an epistemology of concepts so that 
intelligent communication is possible. A first attempt to develop a defini- 
tion or description leads to the question “Are concepts in all disciplinary 
areas the same?” Is the concept “mother” in a social sense the same as 
“mother” in a biological sense? Are these two parts of the same concept 
“mother”? Does the social concept “mother” depend upon higher level 
emotional factors than does the biological concept “mother”? Are the 
concepts of citizen, revolution, Uncle Sam, love, hate, etc., structurally 
similar, not in elements, but in design, to the concepts of force, mass, 
time, electron, atom, cell, living things, etc.? These questions lead no- 
where—their answers are included in the basic question. 

Such questions, however, do have value in that they suggest that some 
concepts have been identified. A fruitful procedure may be to examine 
certain science concepts for the purpose of determining their individual 
characteristics. A list may be made of their individual origins, nature, 
etc., and then the items may be compared. 

A concept of “insect” is used as example A: 

An insect is an animal with six legs and three main body divisions. 
This statement 


І. is a symbolic representation. 

2. is a decision made by man. 

3. is a decision based upon human experience with natural phenomena. 

4. is an abstraction from a field of experience. 

5. isa generalization that includes more than a field of personal ex- 
perience. 

6. involves the conscious or rational relating of facts. (The facts that 


are alike are placed together; the facts are classified.) 


115 


7. describes a man-made idea. 
8. describes an idea that may exist at various levels of complexity (in- 
complete and complete metamorphosis) . 
9. is useful in making predictions and unifying information. 
Example B: 


A force is a push or pull which tends to change the motion of a body. 
This statement 


І. is a symbolic representation. 

2. is a decision made by man. 

3. is a decision based upon human experience with natural phenomena. 

4. is ап abstraction from a field of experience. 

5. is a generalization that includes more than the field of personal ex- 
perience. 

6. involves the conscious or rational relating of facts. (The push or pull 
is correlated with a change in motion.) 

7. describes a man-made idea. 

8. describes an idea that may exist at various levels of complexity 
(contact and noncontact forces). 

9. is useful in making predictions and interpretations. 

Example C: 


An atom is the smallest particle of an element possible and is composed 
of electrons, protons, neutrons, and other particles. This statement 


1. 
2. 
3. 


8. 


9. 


is a symbolic representation. 

is a decision made by man. 

is a decision that is not based upon direct human experience with 
natural phenomena. 

is an abstraction of a created idea. (It is a verbal symbol represent- 
ing a mechanical model.) 

is a generalization that includes more than the field of human ex- 
perience. 

involves the conscious or rational relating of facts. (The intent is to 
explain rather than describe human experience.) 

describes a man-made idea. 

describes an idea that may exist at various levels of complexity 
(atom as a unit or atom as an aggregate of units). 

is useful in making predictions and interpretations. 


A comparison of these three concepts reveals many similarities and a 
few differences. There is one difference between concepts A and B; 
concept A is concerned with the classification of facts, and concept B is 


concerned with the correlation of facts: if a then b. Concept C is differ- 
ent from A and B in two ways: 


Concepts A and B are 


1. 
2. 


Abstractions from a field of direct experience 
Descriptions of human experience 
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Concept C is 
І. Abstraction of a created idea 
2. Explanation of human experiences 


This type of analysis may be repeated with other concepts, such as: 


1. Matter occupies space and has mass. 
A vertebrate is an animal with a backbone and an internal skeleton. 


The digestive system is a group of organs with the common func- 
tions of preparing food for assimilation. 

4. Spermatophyte plants form seeds. 

5. Matter may be changed by adding or subtracting energy. 

6. The structure of the digestive system of animals varies. 

7. Digestion is the process of changing food from an insoluble to a 


soluble form. 
8. The electrical current in a circuit varies with the resistance if the 


voltage is constant. 
9. Matter is made up of particles called atoms. 
10. The structure and habits of animals are adaptations that are the 


result of evolutionary development. 
11. In the process of digestion, the molecular structure of the elements 


contained in the food is changed. 

12, Light is an electromagnetic wave. 

Note that 1 to 4 are similar to concept A, 5 to 8 are similar to concept 
B, and 9 to 12 are similar to concept C. Concepts of type A could be 
labeled as classificational, concepts of type B could be labeled as corre- 
lational, and concepts of type C could be labeled as theoretical. Concepts 
of type C go beyond sensory experience or facts, yet fit the human reason- 
ing that has been tempered or indoctrinated by facts. One outstanding 
similarity is that all are “created by man” from direct real experience or 
from other created “ideas” that may be the result of real experience. 

Before elaborating on the similarities, another source of information 
may be examined: definitions or descriptions given by other individuals 
concerned with the problem. Here is a selection of such definitions: 


age of an action or thing, a gen- 
anding of the immediate 
ast experience, usually 


A concept is an idea, a mental im 
eralization about related data. It is an underst 
based upon the impact of present impressions оп p 
labeled with a verbal symbol or symbols. [7] 

Every concept is an apperceptive system: a mass 
tioning in a condensed form. [1] 

When an element common to many experiences is not merely recog- 
nized when it appears, but (1) is thought of without being perceived, 
and (2) is capable of being combined in thought with other elements, 
it becomes a concept of general meaning and application. To be a general 
concept the element must be something for consciousness apart from its 
Perceptual setting and it must be applicable to a different setting. [6] 

A concept is a network of significant inferences by which one goes 
beyond the set of observed critical properties exhibited by an object or 


of experience func- 
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event to the class identity of the object or event in question, and thence 
to additional references about other unobserved properties of the object 
or event. The working definition of a concept is the network of infer- 
ences that are or may be set into play by an act of categorization. [2] 

Physical concepts are free creations of the human mind, and are not, 
however it may seem, uniquely determined by the external world. [5] 

A concept is a psychological phenomenon, complete description of 
which will be contained someday in a theory of explaining the numerous 
empirical laws involving the concept. [8] 

We have a concept when we recognize a group of situations which 
have a resemblance or common element. We usually give a name or 
label to the group. [4] 

A concept deals with the meaning an individual attaches to a word 
or symbol rather than the mere fact that any given symbol is associated 
with any given object. [10] 

Conceptual schemes are more or less general systems of abstract propo- 
sitions of empirical references which shape the determinate conditions 
under which empirical phenomena are related among themselves. [3] 


The variability with some similarity is noted in these definitions and 
in many others which can be found in the literature. The next step in 
the attempt to describe or define a concept is a second examination of 
the place of concepts in science. 


The ambition and hope held in the last century that science 
could offer a photographic replica or true image of reality have been 
abandoned. Science as understood today has two major assignments: 
(1) the description of certain phenomena in the world of experience 
and (2) the establishment of general principles for their prediction and 
for provision of a system of concepts that assist in their explanation. The 
system of concepts that facilitates description of phenomena is largely 
classificational in nature, the system of concepts that facilitates predic- 
tion is largely correlational in character, and the system of concepts that 
facilitates the explanation of phenomena is made up of theories of verbal, 
mechanical, or mathematical varieties. 

The selection or development of concepts from the chaotic diversity 
of sense experience is determined by many factors other than the facts 
themselves. One factor may be the sequence of receipt of the sensory 
experiences that were the result of uncontrolled observations of natural 
phenomena or the result of experiments. A second factor may be the 
cultural pattern of the time and its effect on subconscious patterns of 
thought. 

These two notions result in the demand for consideration of the belief 
held by some that the meaning of a concept is identical with the pro- 
cedure that led to its formulation. Is it possible that the redefinition of 
concepts or the meaning attributed to a given concept has some part of 
its origin in the changing sense of values accepted by the scientific com- 
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munity? The historical record of such concepts as “force” and “electron” 
give some credence to a positive answer. 


CHARACTERIZING A CONCEPT 


A list of the characteristics of concepts in science based on the 
preceding statements may now be risked. 


1. Concepts are ideas possessed by individuals or groups. They are a 

type of symbolism. 

2. Concepts of any particular object, phenomena, or process exist in a 

continuum from simple to complex. 

3. Concepts emerge as a result of experience with more than one 

object, phenomenon, or fact. They are generalizations. 

4. Concepts are the result of abstract thinking that embraces the many 

experiences. 

5. Concepts involve the relating of facts or supposed facts to each 

other by the individual. 

6. Concepts are not always based upon a physical encounter. 

7. Concepts are not inherent in nature or reality. 

8. Concepts are not photographic images of reality. 

9. Concepts are neither true nor false; they are, 

inadequate. 

10. Concepts hav 
tions to things, 
tual systems, and relations to processes. 

are useful in making predictions and interpretations. 

s formed in any area may be determined by 
the sequence of the sensory experiences received or available. 

13. The individual concepts formed in any area тау be determined by 
the cultural pattern at the time of formulation. As the culture 
changes, the meaning and value of a given concept may change. 

14. The nature of a concept may be determined by the procedure that 
led to its formulation. 

15. Concepts and conceptual schemes are rendered inadequate as a 
result of new knowledge and must undergo constant revision. 


rather, adequate or 


е five primary relationships: relations to people, rela- 
relations to other concepts, relations within concep- 


Concepts 
12. The individual concept: 


CONCEPTS AND TEACHING 


It is reasonable that these 15 recognizable characteristics of 
concepts should be carefully considered in the processes of teaching and 
learning where the concern is not essentially the development of personal 
concepts of the creative variety but rather the development of concepts 
of product and process acceptable to the discipline of which they are a 
part. The continuation of science in any culture must depend upon 
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transmission of the accumulated knowledge and strategies of science 
from one generation to another. The emphasis on concept development 
in science has been important and is becoming increasingly important 
with the rapid growth of knowledge. It is the one way known to provide 
the maximum coverage of knowledge because it is a kind of classifica- 
tion or summarizing system which results in the conservation of human 
intelligence. To go further, it may be said that a conceptual scheme is a 
summary of the essential characteristics of a group of concepts that 
epitomize important common features or factors from the larger group 
of concepts. Because of their comprehensive nature, concepts enable the 
possessor to have some grasp of a much larger field of knowledge than he 
has personally experienced. He is able to interpret the new and to assimi- 
late it into the old through the modification of existing concepts. The 
current product and process concepts of science are the heritage of each 
generation. 

Concepts may be taught or formulated by indoctrination, induction, 
deduction, extrapolation, interpolation, analysis, synthesis, and probably 
other means. 

With reference to the development of science concepts with children, 
the following questions are asked: 


1. How important is the level of mental development of the child to 
learning classificational, correlational, and theoretical concepts? 

2. How important is the intensity of the physical encounter which the 
learner has with the facts from which a concept is formulated? 

3. How important to the learner is extensive physical encounter with 
the facts from which a concept is formulated? 

4. How important to the learner is the sequence of the stimuli offered? 

5. How representative of the total class covered by the concept must 
the stimuli offered be? 

6. How remote from reality may the stimuli be for individuals of differ- 
ent experiential maturity? 

7. When in their lives can learners utilize facts or ideas not based on 
physical reality? 


8. To what extent is the cultural background of the learner a factor in 
concept learning? 

How important are the procedures involving telling, demonstrating, 
or laboratory experience in concept learning? 

Is it reasonable to expect learners of all school ages to develop con- 
cepts of the classificational, correlational, and theoretical varieties 
at some level during each year of their educational preparation? 


11. Is it reasonable to expect the learner to discover a concept as a 
result of free inquiry? 


12. How important is the vocabulary and language development of the 
learner in concept development? 


13. Should we be satisfied with allowing pupils to formulate their own 


concepts whether or not they conform to those accepted by the 
discipline? 


10. 
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14. How deeply imbedded is the problem of transfer in concept 

learning? 

These questions have been probed slightly by Piaget, Inhelder, Gagné, 
Loveall, and others; however, they are far from answered. The answers 
are fundamental to effective teaching, curriculum design, and teacher 
training. Surely it may be speculated that concept learning depends 
upon the characteristics of the learner and the circumstances under which 
he is guided. 

What evidence is sought out to indicate that a specific concept has 
been developed or accepted by the learner? To date all that seems to 
be known is included in the words “transfer” and “verbalization.” Are 
these valid? 

Research is the avenue to determining whether the basic thoughts are 


credible, Much of this should and can be performed in the classrooms 
of the schools of this nation. This will lead to the answer to a more 
“How do children of different ages, cultural back- 


important question, 
in science?” This is far more 


grounds, and abilities learn concepts 
fundamental than “How do we teach concepts in science?” 
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A Model for the 
Interpretation and Analysis 
of Concept Formation* 


J. D. Novak 


INTRODUCTION 


At the Woods Hole Conference sponsored by the National 
Academy of Sciences, an important concern of the participants was with 
the importance of structure in the process of learning. [5] What the 
participants meant by the term structure cannot be defined in a brief 
phrase; they resorted to examples from various subject areas. Central to 
their concern was the way in which knowledge and problem solving 
(with associated skills and attitudes) combined together in the under- 
standing of major ideas in science or other fields. This paper will focus 
on the process of concept formation in science, though there is no basic 
reason why the illustrations could not be extended to include other areas 
of human endeavor. Major concepts in a discipline can be interpreted 
as providing the principal structure for the discipline. To be sure, under- 
standing a given discipline requires more than memorization of state- 
ments summarizing concepts in the area; a student must discover how 
the concepts are derived and elaborated in order to understand the con- 
cepts and to grasp the structure of the discipline. 

The structure of a science may be viewed as the system of major 
generalization or concepts together with the process by which these 


concepts are obtained and enlarged. For this paper we will use the 
following definition: 


Concepts in science are broad generalizations regarding some aspect of 
the physical or biological world; they are a composite of individual facts 
and emotional experiences. 


*Reprinted frorn Journal of Research in Science Teaching, У. З, pp. 72-83 
(1965). ©, by permission. 
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The term concept is used in many ways; it has been used to refer to 
apprehension of a letter, e.g., the letter A, to indicate understanding a 
word, e.g., the concept of the word fast, to represent a group of related 
facts, e.g., the concept osmosis, to represent an image of some kind, e.g., 
a concept of a building, or to represent some composite of knowledge, 
e.g., the concept of evolution. Though these meanings differ in the extent 
to which they encompass experiences, they are all similar in that each 
describes some aggregate of sense impressions recorded and manipu- 
lated by an individual. For the purpose of this paper, with concern 
focused on concepts that can be major components in the structure of a 
discipline, the more restricted meanings of “concept” are of limited value. 
Hence, the definition above is one of convenience; the term conceptual 
scheme may have been more appropriate, at least in reference to science, 
but this would be more awkward to use. 

The development of concepts begins at birth; with the first booming, 
buzzing confusion, as William James termed it, the infant begins to form 
sense impressions of the world around him. These sense impressions are 
soon combined with “problem solving” experiences (primarily by trial 
and error) such as how to get mother’s attention, food, a dry diaper, ete. 
As experience (cognitive and emotional) accumulates, the “confused” 
mass of sense impressions “organize” or “are assembled” into collections 
ог groups to form a “general” sense impression with generalized response 
patterns, These cumulative, general impressions could be called rudi- 
mentary concepts. 

An individual’s acquisition of concepts follows a unique course; the 
Specific experiences he has result in apprehension of a concept that may 
have essentially the same meaning to the individual as that held by other 
individuals, but the experience pathway used in arriving at this concept 
can vary appreciably. Studies by Piaget, [38] Ausubel, [3] Atkin, [2] 
Butts, [7] and Ervin [14] well illustrate this point. A model for concept 
formation must accommodate varying patterns of concept attainment and 
yet provide for a conceptual product that is similar in different individ- 
uals, 

Some of the most significant advances in the behavioral sciences and 
biology have resulted in part from the application of information theory. 
The early work of Shannon [42] and Wiener [49, 50] has been followed 
by applications to learning by Miller [25, 26] and others. [15, 18, 30-32] 
The beauty of utilizing information theory in learning models is that it 
Provides a close link with important concepts in other areas of science; 
certainly the future of learning theory will depend largely on new appli- 
cations of fundamental principles in other sciences just as recent advances 
in biology derive largely from such applications. To be sure, the com- 
plexity of learning will require new insights before elucidation is ap- 
Proached, but it would be naive to assume that fundamental differences 
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in mechanisms exist between learning phenomena and other basic or- 
ganismal characteristics. Therefore, the theory described in this paper is 
based on the assumption that learning of concepts has an underlying 
biochemical basis that may eventually explain information acquisition, 
storage, and utilization. The theory as developed in this paper has com- 
mon elements with suggestions in other work on concept formation. [6, 
16, 18, 22, 48] 

A final word regarding the structure of science. Recently, a confer- 
ence was held to attempt a description of the major concepts of science 
that might serve as a basis for kindergarten through grade 12 science 
programs. [29] This conference grew out of a recognized need for a 
conceptual framework that might guide science teaching and lead to 
successively better development of children’s understanding of science 
as they progress through the grades. The conference was attended by 
fourteen distinguished scientists from various fields and a few science 
educators. Based on the conference and work of a summary conference 
held later, seven basic “conceptual schemes” were described which sum- 
marize the major achievements of science (or the products of science) 
and five statements were developed summarizing the methodology or 
process of science. The hypothesis developed was that curriculum ma- 
terials could be designed which would provide a sequence of experiences 
for students leading them to an understanding of the basic conceptual 
schemes and the process by which these were obtained. An example of 
the conceptual schemes described is the following: [29] 


Matter exists in the form of units which can be classified into hier- 
archies of organizational levels. 


DESCRIPTION OF THE MODEL 


Beginning with a simple cybernetic model suggested by Wiener 
[49, 50] the important role of information input, processing, storage, 
output, and feedback were indicated. Partly because of the derivation 
of emotive or affective information from internal signals, and partly be- 
cause the use of this internally derived information may be different in 
concept formation from that derived by external senses, the model differ- 
entiates between affective information and cognitive information. There 
is some organic basis for this distinction also. [36] Schematically, the 
overall model would be as shown in Figure 1. 

As the child acquires experience, information is stored. We do not 
know the neurological basis for this storage though important advances 
are likely in this area within the near future. The storage mechanism 
could be molecular engrams, [9,`11, 41] but changes in membrane per- 
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Figure 1. Schematic representation of the relationship between component 
parts and pathways involved in concept formation. 


meability and other mechanisms are also possible. There is evidence that 
information acquired is not stationary, for experiments with split-brain 
animals [44] show that information acquired in one hemisphere can be 
replicated into the other hemisphere. Some of our data suggest that 
information “bits” (in our study these were individual botanical facts) 
are stored independently [27] even though the individual bits appear to 
relate to a single concept. Therefore, the location of individual informa- 
tion bits relative to a given concept might assume some complex distri- 
bution in the brain, and yet these bits can be utilized in concert when 
behavior requires that many bits of information be utilized, such as in 
the solution of problems. Whatever the localization of individual infor- 
mation bits may be, the observed behavior of students is that they can 
draw on this information to see new relationships and to solve problems. 
This behavior indicates that the individual has some organized pattern 
of eliciting information and we may refer to this pattern as a concept. 
For illustrative purposes only, the growth of a concept could be dia- 
Sramed two-dimensionally as in Figure 2. It is important to note that 
а concept would develop in п dimensions where n is some index of inter- 
action between concepts. Also, the rate of development of various con- 
cepts would differ. Figure 3 suggests some developmental patterns. 

| Опе of the principal sources of information utilized in concept forma- 
tion is postulated to derive from problem solving experience. Further- 
More, it is postulated that the “breadth” of a concept can be indicated 
by the relative complexity of relevant problems an individual can solve. 
For example, students given an examination with problems dealing with 
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Figure 2. Schematic, two-dimensional representation of concept formation. 


atomic structure will show variance in scores with some of the most 
difficult problems solved only by a few students. These students can be 
said to have the broadest concept of atomic structure and the whole 
group can be arrayed from broadest to most limited concept attainment 
on the basis of their problem solving scores. Thus, problem solving- 
ability, if it were possible to devise an adequate examination, could be 
taken as an index of concept attainment. Students who could solve prob- 
lems for which there were no prior solutions, i.e., could perform original 
research, would advance the concept as it exists in the discipline and 
would also demonstrate unusual concept attainment. 

An important area of concern in science and school instruction is the 
nature and role of creativity. Descriptions of creative students have been 
provided by Torrence, [46] Getzels and Jackson, [17] Taylor, [45] and 
others. In the model presented here, we would interpret creativity as 
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Figure 3. Schematic, two-dimensional representation of concept development 


and association. 


the act of moving from one conceptual level (see Fig. 2), say at time tı, 
to a higher level at time tz, without direct instruction as to how to solve 
ms. Obviously, at the “frontier of knowledge” in a 
given area, direct instruction is not possible and creativity is most often 
recognized here. The student who moves from any one level to a higher 
is demonstrating creativity. The difficulty in making 
always decide when a stu- 


more complex proble: 


level independently 
an assessment lies in the fact that we cannot 
dent makes a conceptual leap independently. 

The central role assigned to problem solving in the model for concept 
his process be described further. Returning to 
ybernetic model could apply to concept forma- 
[18, 24] problem solving can be 


formation requires that tl 
the initial premise that a с 
tion, as has been suggested by others, 


fitted into the scheme as shown in Figure 4. 
In computers or in man, problem solving involves the processing of 


stored information (cf. Newell [31] and selection of “behaviors” ог 
response patterns (output). Successive attempts at the solution of ‘a 
complex problem adds new information (via feedback) and new emo- 
tional experience. The procedure may be diagramed as shown in Figure 
4. Attitude or emotional predisposition can play an important role in the 
selection of behavior (in man, but not in present computer programs ), 
and in psychotic individuals, we can postulate that “irrational behavior” 
is a result of the “masking” of cognitive information by affective informa- 
tion in behavior selection. [43] Various physical handicaps can alter the 
feedback or introduce “noise.” Where dexterity or skill is important, e.g., 
preparation of specimens for microscopic analysis, even without physical 
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defects, an individual will receive varying information from a behavior 
depending upon his skill. The major activity in the scientific enterprise 
is the successive solution of problems (cf. Conant [8] and Nagel [28]; 
an analysis of the process of problem solving is also an analysis of science 


as a process. 


MEASUREMENT OF CoNCEPTS 


With the model presented above, we have three categories of 
variables which require measurement, i.¢., cognitive information, affec- 
tive information, and problem solving or information processing effi- 
ciency. Though all of these variables may change simultaneously, we 
can consider simple systems where the focus is on changes in only one 
of the three categories. 

1. Measurement of Cognitive Information. If we restrict our 
definition of information to dates, names, measurements, and similar 
relatively discrete “bits” of information, somewhat analogous to the “bits” 
which are programed into a computer, it is possible to devise reliable, 
valid tests with relative ease. These are, in fact, essentially the types of 
tests most teachers prepare: 6.5. in history, who shot who, when, where; in 
biology, give the function of the ovule, lenticel, etc. This is the type of 
evaluation described under the category of 1.10 in Bloom’s Taxonomy. 
[4] We can measure with relatively good precision, comparable to that 
in the natural sciences, the extent to which the “information” parameters 
change as a result of instruction. This measurement is important, but is 
only one of the three categories which we need to define to measure level 
of concept development. It can be seen from the scheme illustrated in 
Figure 4 that cognitive information is critical for development of alterna- 
tive behaviors in problem solving. If an individual’s ability to select 
alternative behaviors, that is, his ability to process stored information, is 
constant, it could be postulated that success in solving problems (for 
any one individual) is principally a function of the amount of relevant 
information he has, assuming no major aberrations result from his emo- 
tional set, We have some evidence that this is true, [20, 97, 35] but the 
question needs further study. One of the difficulties in analyzing the 
extent to which new relevant information affects concept development 
lies in the fact that we cannot easily determine what information is 
relevant to a given concept for a given student. Also, our index of con- 
cept attainment, a score on а problem solving test for the concept, is 
itself a rather unreliable estimate. 

2. Measurement of Affective I 
with the measurement of cognitive in 
tional predisposition or attitude is excee 


nformation or Attitude. By contrast 
formation, measurement of emo- 
dingly difficult. It is possible to 
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determine changes in certain emotional predispositions or attitudes and 
an outline for the measurement of scientific attitudes has been developed. 
[84] The results we have obtained on attitude inventories requiring that 
students indicate their emotional predisposition or feeling toward ideas, 
activities, or objects show no correlation with information acquisition or 
problem solving ability (which would include information processing). 
The reliability of these inventories has been high. Our results from atti- 
tude appraisal suggest that this component in the model is real and 
measurable and that normal students are relatively stable in this dimen- 
sion. We must acknowledge that assessment of changes in this component 
of concept growth will remain crude for some years to come. Moreover, 
the role of attitude is confounded with perception of events and problem 
solving per se. Nevertheless, we might ignore measurement of this para- 
meter for the time being with the hope that with normal students under 
normal classroom procedures, no markedly aberrant effect will occur. 

3. Measurement of Problem Solving Ability. Problem solving in 
science is a complex process. An outline of an attempt to interpret the 
nature of problem solving and measurement of problem solving ability 
is available elsewhere. [33] 

One of the tests we have used to measure problem solving ability re- 
quires the student to select from a pair of alternatives, proceed to a 
second pair of alternatives according to his first choice, and select from 
a third pair of alternatives. This successive selection of appropriate 
responses was built into the test to correspond with the model shown in 
Figure 4. Each problem in the test could be diagramed as shown in 
Figure 5. The selection at each part would require a new evaluation of 
information, since some new information is available once а specific 
alternative is selected. Originally it was thought that “good” problem 
solvers, i.e., those who score high on the test, would make almost all of 
their errors on Parts II or III, since they could make one or two correct 
appraisals but might fail on the third. Poor problem solvers, i.e., those 
who score low on the test, were expected to make most of their errors 
at Part I. The results from 302 botany students did not support this 


Part 111 


“1-2 {3 ANSWER 
ыл э э = 2-14 212] 
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Figure 5. Diagram representing choice alternatives in the 
three-part problem solving test item. 


hypothesis. [33] Figure 6 shows that students getting five out of six 
problems correct made approximately the same number of errors at 
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Figure 6. Per cent of “first” errors made on each of the 
three parts of a problem for each of the score groups. 


Part I as students missing all six problems; approximately 80 per cent of 


the students who missed a problem made an incorrect selection at Part I. 


Similar results have been obtained subsequently. [35] Though these results 
his to mean that the total 


were unexpected at first, we now interpret t 
information required to solve a given problem is largely present within 
the individual, and the contribution of feedback information is relatively 
slight, Examination of the problems used [33] would suggest that this is 
true. Continued study of the relation between information stored and 
problem solving success suggests that the principal determinant in prob- 
lem solving success is the amount of relevant information an individual 
has. [27] 

Further study is needed on the relation between information processing 
ability (which we have measured largely as ability to interpret data, 
solve problems, etc.) and total quantity of stored information. Some of 
our results [27] suggest that information processing is less a determinant 
in utilization of stored information than a determinant of the quantity 
of relevant information that might be stored. Figure 7 shows that stu- 
dents with high analytic ability (high information processing efficiency ) 
acquire more botanical information in less time. 

These data could be interpreted to mean that information processing 
Operates most critically on the input side for our model, not on the output 
side. If this is true, important educational implications can be derived; 
sequences of experiences should be planned to facilitate information 
acquisition, perhaps with different regimes for high analytic ability and 
low analytic ability students. The emphasis of this study would be on 
how to maximize information gains, not on measurement of information 
utilization, an objective we have been working toward for many years 
(cf. Johnson [21] and Tyler [47]). Getzels and Jackson's finding [17] 
that highly creative students do as well in school achievement as their 
high IQ counterparts in spite of their non-conforming school habits 
suggests that creative students ѕеек out effective, but atypical, schemes 


for information acquisition. 
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Figure 7. The effect of analytic ability and time spent in gaining 
information on information store. 


4. Appraisal of Concept Growth. As indicated above, problem 
solving and information acquisition are considered to be closely tied to 
concept development per se. In the model presented here, problem 
solving success is taken as an indicator of concept attainment; in turn, 
acquired information is important in problem solving and some evidence 
suggests that the rate of acquisition of information is a function of an 
individual's information processing efficiency or analytic ability. 

Referring back to Figure 1, two sources of information input are indi- 
cated, though these can be considered as a single input. Perceptual dis- 
tortion, e.g., poor eyesight or hearing, can alter the input. Moreover, 
emotionally derived information might affect the processing of cognitive 
input to the point that considerable alteration may occur; experiments 
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and studies showing the effect of high emotion in perceptual distortion 
are common. [43] Ismail [19] has found that certain motor tasks, i.e., 
those involving balance, are highly correlated with academic success. 
The role of motor-linked information input may be important to isolate 
in future studies, but at this time it is simply included with over-all input. 

Summarizing some of our studies and work of others, the following 
description of concept growth is suggested (cf. Fig. 1): 

(1) Information obtained through the senses is carried to the brain 
for processing (some processing and selection occurs at the receptors 
also). We will assume that transport from receptor to the processing 
unit (whatever this might be in the brain) is efficient and little informa- 
tion is lost, though experiments with drugs suggest that transmission of 
information may be blocked or distorted at any juncture. In other words, 
the pathway (A) is relatively noise free. The same assumption will be 
made for pathways (B) through (F). If these pathways are real, the 
course of psychopharmacological research may show specific inhibitory 
chemicals for each pathway. [23, 40] 

(2) Information processing includes the biological mechanism of 
molecular engram formation or other mechanisms, one for short-term 
memory and the other for long-term memory. Information stored may 
affect the information processing activity with the result that varying 
amounts of information could be stored for a given input. The relation- 
ship between information passed in pathway (A) and pathway (B) may 
not be linear and may vary considerably between individuals. However, 
our data suggest that information once stored can probably be utilized, 
and hence the flow of information in pathways (C) and (F) may be 
more closely correlated with less variability in ratios between different 
Normal individuals. The information processing efficiency, i.e., the ratio 
of information transmitted in pathways (A) and (B) or pathways (D) 
and (F), though primarily the former, may vary considerably between 
individuals. It is this difference in processing efficiency that would 
determine the sum of information stored and thus the potential level of 
concept formation. к 

(3) Emotional experience can result in information storage that can 
play a role in affecting information processing. [10] The effect of emo- 
tionally derived information on processing of incoming and outgoing 
information remains an area of speculation. Polyani [39] has suggested 
that emotion plays an important role in selecting behaviors, but he has 
no data to support this position. The psychological concept of motivation 
is undoubtedly closely linked or identical to the action of affective in- 
formation on information processing. The student who will not look 
through his microscope cannot perceive the structure of a tissue and if 
he is inclined to view the specimen only casually, the flow of information 
in pathways (A) and (B) is likely to be limited. 

(4) The components identified above must be considered to operate 
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in rapid sequential fashion. In even a simple behavior such as deciding 
which of two stones is heavier, many cycles of input, — processing = 
storage — processing — output--, feedback may occur. Even very small 
genetically determined differences in information processing efficiency 
[13] can be amplified to conspicuous differences between an individual’s 
behavior after several years of such cycling. It is almost frightening to 
think of the enormous differences that might appear between individuals 
if and when appropriate drugs are applied differentially. 


SUMMARY AND IMPLICATIONS 


The educational Policies Commission of the National Education 
Association published a statement entitled The Central Purpose of Amer- 
ican Education [12] in which the Commission identified, “The purpose 
which runs through and strengthens all other educational purposes—the 
common thread of education—is the development of the ability to think.” 
In science education this would require that students understand how 
data are obtained and problems in science are solved. Successful ob- 
servation and interpretation in science derives from orienting conceptual 
schemes or as referred to in this paper, from the concepts of science. The 
purpose of this paper is to outline a model for interpreting the mental 
process of concept formation that may be useful for classroom research; 
the parameters suggested can be measured using available testing pro- 
cedures and the interpretations of the results can be applied directly to 
science classroom instruction. 

Figure 1 shows a schematic representation of the component parts and 
pathways involved in concept formation. Though much of the bio- 
chemistry underlying the function of these components is not understood, 
there is evidence that functions of the type ascribed to the components 
exist in the brain. The two principal factors to be observed are informa- 
tion storage and information processing, the latter identified through tests 
requiring data interpretation and/or analysis. Storage of cognitive in- 
formation may be partly dependent on the manner in which information 
is processed; some of the data presented indicates that differences in 
total information stored may result from differences in the manner in 
which students approach learning tasks and their manifest analytic ability 
or information processing ability. Further study of these relationships 
is needed. 

Research in science teaching has often involved questions that can be 
related to a learning model only with difficulty or not at all. Such research, 
e.g., lecture only versus lecture—laboratory teaching of a subject, is not 
likely to contribute to our understanding of the learning process and in 
general “methods comparison studies” probably will not advance our 
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knowledge of how pupils learn or consequently, how to improve instruc- 
tion. It is hoped that the model for concept formation presented here 
may provide some guidance to research in science education which will 
be more fruitful than much of the research in the past. 


The writer acknowledges with appreciation the critical reading of this 
manuscript by D. М. Murray and Н. Н. Hagerman. 
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Science Teaching 
and the Nature of Science*t 


James T. Robinson 


Today’s teachers of science are confronted with an almost over- 
whelming volume of materials—texts, programs, pamphlets, ete.—pur- 
porting to provide information which will enable the student “to 
understand science.” Science kits with packaged laboratory exercises in 
many forms are available. It is suggested that by using these materials 
the student will learn how to “inquire,” will learn the “processes” of 
science. The possibilities of keeping students actively engaged in labora- 
tory activities and well-supplied with reading material in most of the 
fields of science is no longer a problem. Rather, the problems reside 
in much more profound questions: Have the students, as a result of 
doing the activities, reading, and discussing what they have read, indeed 
increased their “understanding of science?” What is the nature of science 
which they are to understand? Can aspects of the nature of science be 
identified and so specified as to provide for guidance in the selection 
and organization of elements which are to be included in science 
curricula? 

Many articles in the professional literature suggest that it is the 
“processes” of science which are most important in teaching science 
rather than the “products” of science. Other articles suggest that the 
“structure of science” as a discipline and the “processes of inquiry” are of 
the greatest importance. Many science guides developed within school 
districts emphasize the teaching of “science concepts” as well as “science 
processes.” 

These many suggestions, and others could be cited, raised numerous 
questions for the writer. Not all of these questions have been fully 
explored, and for many it has been possible only to refine them for 

"Reprinted from Journal of Research in Science Teaching, У. 3, pp. 37-50 
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further investigation. Implicit in the suggestions for science teaching 
cited above was the separability, identifiability, and teachability of the 
processes and products of science. But can process be separated from 
product in science? How do product and process relate to the structure 
of science, and what is meant by the structure of science? Does this 
structure become most significantly stated as an array of products, 
concepts, facts, theories, and laws of nature? The list of questions may 
be expanded almost indefinitely; the study reported on here makes its 
central contribution in relation to the nature of what may be termed in 
current parlance “the structure of science.” 

In order to make some entry into this field of interrelated problems, 
and with the purpose of searching for eventual clarification of the 
nature or structure of scientific knowledge which might become a 
framework to provide guidance in curriculum development in the sec- 
ondary schools, an investigation into the nature of scientific knowledge 
seemed in order, With such a framework one might be able to develop 
answers to such questions as the following: Is the language used in 
instructional materials consistent with the structure of science? Are the 
scientific relationships developed in materials consistent with relation- 
ships which characterize the structure of science? While these questions 
were initial goals of the inquiry, more specific questions were to be 
found that could be formulated and more fruitful answers were to be 


proposed as a consequence of the study. 
as based upon an analysis of six writings concerned 


The dissertation we 
with the nature and organization of scientific knowledge: three written 
by physical scientists [1-3] and three written by biological scientists. 
[4-6] These writings were selected from а working bibliography of 
more than one hundred works. A preliminary list of writings was selected 
from this bibliography on the basis of publication date, authorship by 
men who had taken a Ph.D. or received recognition in biology, chemistry, 
or physics, and who had a special interest in the nature and organiza- 
tion of scientific knowledge. The list of writings of physical scientists 
was sent to a selected group of physical scientists and the list by biolo- 
gists was sent to a selected group of biological scientists. The final selec- 
tion of the six works used in the investigation was made on the basis of 
the responses of the scientists, the recency of publication, a balance of 
works by biologists and physical scientists, and the writer's judgment. 
The framework or structure of science which will be presented below 
must be considered as preliminary, since it has been based on a limited 
number of writings and represents the writer’s selection of those aspects 
of the writings which he evaluated as central to the formulation of a 
structure of science which would be relevant to education in the sciences. 
The reporting of the findings from this dissertation will be carried 
forward in two phases. First, four aspects of the structure of science will 
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be discussed. At the present time, it is these four aspects which the 
writer feels have particular significance for curriculum implementation: 
(1) the distinctions as between the correlational and the exact sciences, 
(2) the constructional nature of scientific reality (including the circuit 
of verification and the inextricable interrelationships of the processes of 
induction and deduction), (3) the processes of observation and the 
emergence of rules of correspondence, and (4) the considerations which 
lead to the verification and acceptance of scientific theories. Second, the 
writer will present a statement of selected understandings which char- 
acterize an individual who is growing in scientific literacy. While only 
four aspects of these understandings will be discussed in phase one in 
any detail, the reader is referred to the dissertation and the six original 
works upon which it was based for substantiation of the additional 
emphases in these understandings. 


CORRELATION AND Exact SCIENCES 


Although the sciences may be seen to consist of observations, 
experiments, theories, and hypotheses, the findings of this investigation 
support a necessity to go beyond this simple formulation in developing 
an understanding of the structure of science. First, a distinction must 
be made between correlational and exact procedures in the sciences; 
for the discussion in this article will be concerned primarily with the 
methodologies of the exact sciences. The history of science provides 
evidence that the various sciences began with observation and specula- 
tion, moved to the correlational level, and are developing, albeit at 
varying rates of speed, toward a theoretical or exact level. 

Correlational procedures are characterized by data collection and by 
comparisons. Such comparisons may result in groupings or classifications, 
for example, the groupings of organisms into the categories plants, ani- 
mals, or protists. Correlations of quantitative data may result in a 
mathematical relation, the correlation coefficient, developed by agreed 
upon rules of procedure. The biological sciences are characterized by 
correlational procedures. The inductive generalizations resulting from 
these procedures may summarize or describe, but they do not predict, 
and thus do not seem to satisfy investigators as they search for basic 
explanations. As Margenau indicates, “. . . they feel the urge to probe 
more deeply, to derive . . . (these uniformities) of experience from 
principles not immediately given.” [7] In support of this observation Mar- 
genau gives the example of the use of the three-four-five rule by Egyptians 
as a correlational procedure but states that we honor Pythagoras for his 
mathematical demonstration for “. . . through his act a theory was born; 
the surface of mere correlation was broken, subsurface explanation had 
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begun. To put it another way; the contingency of correlation had given 
way to logical necessity.” [7] 

This search for subsurface explanation was evinced by Paul Weiss 
in the transcript of the Lee Conference at which “Concepts of Biology” 
were discussed. Weiss asked if there might be relationships in the 
morphology of a flock of starlings and a slime mold colony. He explains 


these phenomena by stating: 


The outline of the starling cloud is very sharp, nearly spherical. Now, 
when this is broken in two, each half almost simultaneously rounds up 
into a separate unit. It isn’t exact; it has almost an ameboid motion, with 
distortions and elongations. The remarkable thing is that despite these 
deformations, they cohere and retain a very sharp outline. We don’t 
know what the communication system could be that would tell a bird 
the differential equation of a smooth, spherical surface. This is the 
analogy I wanted to investigate because that is what really happens. [8] 


Frank Brink, Jr. continued the discussion and extended the analysis 
by stating: 


.. . the similarity here is a little bit like certain mathematical formula- 
tions; you have an operator, differential equations with the function in 
which it is going to operate not specified physically. . . . [9] 


Paul Weiss related this comment to concerns in biological studies: 


. isn’t a lot of our present biological work impoverished by the fact 
that people don’t look for these operators? Take endocrinology—how 
much we know about the agents, which we can purify and extract and 
even synthesize, and how comparatively few people worry about their 
mode of action. Not until we know both do we have a complete and 


consistent understanding. [9] 


This illustration points up the qualities of thought which characterize 
the movement from correlational to exact or theoretical procedures. The 
biological sciences have been predominantly correlational, but the 
thrust of these sciences, as with the physical sciences, has been toward 
exact or theoretical procedures. A discussion of a limited number of 


s is the central purpose of this paper; for such proce- 
f science and this may be considered 


for the nature or structure of science. 


The distinctions between inductive generalizations and the generaliza- 
tions of the exact sciences are more clearly delineated by Frank Brink, 
Jr. when he commented regarding the framework of biological principles 


developed at the Lee Conference: 


these procedure 
dures serve to form the paradigm О 
of greatest importance in the search 


as to what kind of generaliza- 


пу own ideas straight Е 
in science, and 


I am trying to get п À 
h other generalizations that occur 


tions these are. Wit! 
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perhaps a subsidiary set of rules of procedure, one can go back to the 
instances that suggested the generalization. . . . It’s not clear that I can 
do this and, therefore, I am not sure that this is a basic set of generaliza- 
tions. But if it is a basic set of generalizations, what must be added to it 
in the way of rules of procedure? Without these formal symbolisms, and 
rules for manipulating the symbols, it doesn’t seem to me that you can 
work backwards to the instances that suggested the general principles. 
[10] 


In this statement several of the essential characteristics of the exact 
sciences are presented: a basic set of generalizations is presented with 
formal symbolisms and rules of procedure by which one may go back 
to the specific instances that are suggested by the general principles. 

The findings reported in the dissertation were formulated into state- 
ments of understandings which would characterize those individuals 
who are increasing their understanding of the structure of science as 
developed from this study. Each major aspect of the nature or structure 
of science was followed by a summary in the form of understandings. 
Understandings which relate to the distinctions as between the exact 
and correlational sciences are as follows: 

Accordingly, an individual who is developing scientific literacy will 
increasingly 


understand that the thrust in all sciences is for them to become in- 
creasingly theoretical and exact, the biological sciences being cur- 
rently more correlational and the physical sciences more exact, 


understand the current theoretical framework of the exact sciences, 
and where such frameworks are developed in predominantly correla- 
tional sciences, and 


understand the limitations of current patterns of explanation in the 
biological sciences and understand the attempts to devise explan- 
atory systems in the biological sciences which will be predictive.’ 


The writings of Morton Beckner reflected a point of view which was 
more expressive of the correlational than the exact thrust in science. 
He was concerned with documenting and clarifying the processes for 
rationalizing data now current in the field of organismic biology. In the 
transcript of the Lee Conference [11] some of the same strands of 
thought were in evidence. The general statements of the biological 
sciences are most characteristically inductive generalizations rather than 
theoretical systems of explanation, and thus the biological sciences are 


1The “understands” presented in this paper represent a selection from, and 
in some instances a revision and reordering of, a longer and more comprehen- 
sive development in the dissertation. 
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more generally correlative or descriptive rather than exact sciences. But 
the thrust of the biological sciences is clearly toward the methodologies 
of the exact sciences. 

In attempting to understand the nature of organisms, the biological 
sciences began with description and classification. This taxonomic stage 
of investigation was supplemented by morphological investigations and 
then progressed into investigations of the dynamics of living systems. 
The complexities of living systems has led some biologists to investigate 
organisms through levels of organization: molecular, organelle, cell, 
organ, individual organism, small group, population, and community. 
The investigations at the molecular level have utilized the methodologies 
of the exact sciences more fully than those investigations at the “higher” 
levels of organization. Investigations at each of these levels has pro- 
duced large bodies of discrete facts and concepts, but the ordering of 
these facts and concepts into theoretical frameworks has lagged. The 
thrust of biological investigation toward the logico-mathematical systems 
characterizing the physical sciences is coupled with a belief by some 
biologists in the uniqueness of life and the questioning of the usability 
of such methodologies, especially at the higher levels of organization. 

Some biologists evince concern with the fragmentation of their dis- 
cipline into many non-communicating sub-disciplines with special con- 
cepts and special language. The breakdown of existing disciplinary 
boundaries with a reorganization into a “levels” organization has been 
given impetus by advances in information theory, systems analysis, 
symbolic logic, and the application of the methodologies of the exact 
sciences to living things. Such a movement to a more unified discipline 
with greater attention to deductive systems of explanation was com- 
mented upon by Margenau who, in discussing “causation in biology, 


stated: 


of causal schemes is probably important enough 
ht. It may give rise to levels of explanation, 
hy of explanations, each a causal one, and 
ganizational integration. Thus there may 
be encountered a theory framable in terms of molecules and molecular 
forces, another one in terms of thermodynamic systems, another in which 
cells and cytological interaction are basic concepts, and perhaps one that 
speaks of stimuli and responses. Ifa prognosis can be based on physics, 
one may judge it to be a very long time before the vertical connections 


between these schemes are completely understood. [12] 


In biology, multiplicity 
to be studied in its own rig 
perhaps to an entire hierarc! 
each at a different stage of or 


of science in this period of history must 


Thus, an understanding ) і 
ays of thought which characterize 


include understanding the divergent w 


contemporary biology. , 7 ; 
Accordingly, an individual who is developing scientific literacy will 


increasingly 
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understand the development of inquiry in biology with movement 
from simple observation to taxonomy, to descriptive morphology, to 
comparative morphology, and to the addition of analysis to description, 


understand the diversity of methodological approaches by which 
practicing biologists are attempting to explain living systems, 


understand that some biologists accept inductive generalizations as 
being currently satisfactory for living systems, and 


understand that inductive generalizations formed into law-like state- 
ments preclude prediction in the sense usually required by the exact 
sciences; 


understand the logical, mathematical, and syntactical structure of the 
physical sciences since the physical sciences are being used as a 
paradigm of the exact, or deductive, sciences, 


understand that there are divergencies in biological thought as to 
the applicability of deductive patterns to all levels of biological 
organization, 


understand that some areas of biological investigation are currently 
more deductively fruitful (genetics, open systems analysis) than 
are some other areas of inquiry, and 


understand that a system of classification is not a deductive system 
although it may provide suggestions as to relevant relationships. 


The processes of scientific thought have been considered in rather 
broad perspective and some aspects of the constructionist nature of 
scientific knowledge have been considered. A more detailed analysis 
of these topics will now be developed in the hope of clarifying these 
general considerations. 


THE CONSTRUCTIONAL NATURE oF SCIENTIFIC KNOWLEDGE 


As has been indicated, the organization of thought in the phys- 
ical sciences may be used as a paradigm of the model of the exact 
sciences. One way of illustrating this organization is proposed in Figure 1. 

This circle of thought “begins,” “ends,” and “continues” in the area of 
observation and thus emphasizes the empirical roots of the physical 
sciences. But observations are not given in nature. They are selected 
by the scientist—selected against the background of contemporary the- 
ory, general and metaphysical principles, and pragmatic considerations. 
The level of sense observation has been designated as the P field in 
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Figure 1 and the area of verbal description, the conceptual or construc- 
tional area, as the C field.* 

The exact sciences are characterized by inductions which include 
inventive, imaginative qualities going beyond the observations which 
generated their development. Such inductions have been variously 
referred to as “hypotheses,” “concepts,” or “constructs.”? The statements 
constructed by inductions from sense observations are not produced at 
random but emerge under the constraints of the theory within which 
they are being formed. The logical, mathematical, and metaphysical 


constraints which function throughout the invention and development 


Conceptual Schemes Principles 
Constructs Laws 
C field Deduction 


Induction 


>“ З i Physical 
j R field | Hypothesis 


Predicted Facts 


————— metaphysical principless ——————> 


Figure 1. A schemata of the organization of thought in the 


physical sciences. 

to function in the processes of verification to 
‚ continue to function as the con- 
e total area of discourse in which 
accompany the early phases 


of constructs continue 
which constructs are subjected. They 
struct is tested further throughout th 
it is relevant. Metaphor and analogy often 
of construction, but as testing proceeds, increasing the precision of 
terminology and reducing its ambiguity, removing metaphor and analogy 
become important parts of the formalization process. 

Bridgman illustrates this use of analogy with the concept of light as 


a “thing traveling.” 


and “C field” follows that developed by Margenau. 
argenau’s use of “construct.” 


2The usage of “P field” 
3The writer will follow М 
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There have been a number of different physical pictures of the nature 
of light, all of which have had the feature in common that light is to be 
regarded as in some way a ‘thing travelling.’ This statement obviously is 
applicable to the old corpuscular theory of light; it is true for the electro- 
magnetic theory where the ‘thing’ is a phase in the electromagnetic field, 
which may be followed in thought as it moves, as in Einstein’s special 
relativity; or finally we have the ‘thing travelling’ picture of the photons 
of quantum mechanics. . . . But we cannot see а photon in flight nor 
does it create a wind. [13] 


These analogies (instrumental operations produce “things lighted,” 
not “light traveling”) are not currently capable of instrumental verifica- 
tion, but they do serve to stimulate experimentation. 

Verification proceeds from the P field through operational definitions 
to the C field with its network of accepted constructs where it moves 
into what are generally referred to as deductive processes—the predic- 
tion of new and non-trivial observations in the P field. The predicted 
observations must fall within the probability prescribed by the theory 
of which they are a part. When this circuit is successfully completed, the 
entire set of constructs involved is said to be verified. 

It is now possible to indicate that an individual who is developing 
scientific literacy will increasingly 


understand that the relevance and validity of the constructs of a 
science are determined by the theoretical structure of the science, and 


understand that no construct is considered valid until it can be fitted 
into an existing theory and function successfully in facilitating 
scientific prediction. 


THE PROCESSES ОЕ OBSERVATION 


Newtonian mechanics accepted the premise of man as a unique 
discontinuity in a continuous and orderly universe. Man the spectator 
could independently observe the spectacle of this ordered universe; his 
removal from the scene was believed to be of no consequence. But 
events of the past fifty years have brought about a reexamination of this 
premise and a realization that Newton’s laws were valid not absolutely 
but relative to the system of fixed stars. 

The relationships of observer and observed is dramatically illustrated 
by the problems associated with establishing the “existence” of “empty 
space.” The introduction of instruments to verify that the purportedly 
empty space is really empty precludes the possibility of its being 
“empty.” In discussing this dilemma Bridgman states that: 


. within the last few years we have the quantum mechanical concept 
of a fluctuating zero point electrostatic field in otherwise empty space. 


TAR 


If the theory is correct, it means that it will be found as a matter of 
experiment that it never occurs that there are places where all physical 
instruments give no readings, so that ‘empty’ space corresponds as little 
to the physical actuality as do the simultaneous position and momentum 
prohibited by the Heisenberg principle of interdetermination. In this 
denial of the legitimateness of the concept of empty space it seems to 
me that we have as dramatic a demonstration as can be imagined of the 
impossibility of divorcing our concepts from the operations by which 
they are generated and of the impossibility of speaking of things existing 
of themselves in their own right. [14] 


With the physicists’ invasion of the microscopic realm the effect of 
the investigator on what is observed could not be ignored. Man, the 
ordered observer, enters into the construction of scientific knowledge as 
he observes phenomena and selects those aspects of experience which 
may be. constructed into the ordered formalisms which scientists con- 
sider to be explanatory. Such selection does not occur in vacuo but is 
guided by theory, for without theory the scientist does not know what 
to observe. Observations may generate hypotheses which may be exten- 
sions of existing theory or they may become generative of new experi- 
ments and hypotheses which may eventuate in the modification or 
replacement of the theory within which they had their origins. 

Within the structure of science, the processes of induction and deduc- 
tion are seen to enter in the form of a web-like rather than linear order. 
The scientist collects observations and then proceeds by induction to 
constructs (hypotheses). This creation, or construction, from observa- 
tional material of a structure of “linguistic material” includes more 


than the observational material, for theories, conjectures, and thoughts 


play an essential role in induction, furnishing raw materials which may 


be shaped by imagination into new constructs. — М i 
The inductions which lead eventually to deductions within established 


theory have been distinguished from those inductive generalizations 
which summarize or describe but do not predict. This distinction is a 
crucial one which partly explains the difficulty of “discovery in modern 
science, for discovery develops within accepted theory—discoveries 
come to the well prepared mind. А 
Correspondences between constructs and observations provide con- 
nections between the logical, rational areas of thought, and the empirical, 
observational areas which give substance to constructs. The establish- 
ment and formalization of these rules of correspondence, including 
Operational definitions, is another important aspect of the inductive- 
deductive cycle. As scientists have probed into the microcosm, the 
relations between the operations used to produce observables and the 
nature of the observables produced have had to be more rigorously 


examined. 
P. W. Bridgman has contributed gr 
relations by his analyses of the oper 


eatly to the understanding of these 
ations which are involved in the 
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content, definitions, and extensions of some of our physical concepts. He 
states: 


The fundamental idea back of an operational analysis is simple enough; 
namely, that we do not know the meaning of a concept unless we specify 
the operations which were used by us or our neighbour in applying the 
concept in any concrete situation. [15] 


Various kinds of operations—instrumental, verbal, and mathematical 
—are employed together in a way to mutually reinforce and supplement 
one another to produce the observable properties from which physical 
objects are constructed. A great deal of latitude is allowed to the verbal 
and ‘mathematical operations but such freedom is restricted by the 
requirement that these operations must be capable of eventually making 
connections with instrumental operations. This requirement is based on 
the premise that: 


. . . the broadest basis on which we can hope for an eventual under- 
standing is invariable correlation between the results of instrumental 
operations. Given invariable correlation, we can find how to predict, and 
prediction is perhaps the most searching criterion of understanding. [16] 


As verification proceeds, correlation between constructs may result 
in relations expressible in the form of differential equations—the criterion 
for a law of nature as it is used in its most precise formulation. 

The passage from data to constructs to the prediction of new facts 
within a formal system comprises the inductive-deductive cycle. How- 
ever, for the verification of predictions, purely logical deductions are 
correlated with physical objects by means of rules of correspondence. 
Thus the goal of scientific explanation is seen to be the development of 
a coherent logico-mathematical system of relations between symbols, 
and rules of correspondence for those symbols, developed in such a 
way that the logical conclusions drawn from these statements become 
statements about observable facts that are confirmed by actual sense 
observations. The development of such a deductive system serves not 
only to predict new facts but it also serves to guide the knower in 
carrying out observations. 

The acceptance of those deductive theories which correspond closely 
to data, i.e., are more “concrete” than “abstract,” is based primarily 
upon the logical, semantical, and empirical relations of the theory. As 
more abstract theories are formulated, acceptance is based upon more 
than scientific criteria; the psychological and sociological climate in 
which they are formulated become a part of the criteria for acceptance. 

Accordingly, an individual who is developing scientific literacy will 
increasingly 
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rather than correlational or descri 


understand the distinctions in structure and development as between 
the inductive and deductive aspects of theory, 


understand that if it were not for both of these phases, all statements 
regarding a theory would be analytically equivalent, 


understand that all conceptual schemes are built up from induc- 
tions which in turn have been in part achieved through prior 
deductions from existing theories, 

understand that the working scientist invents his signs in order 
to make representations of phenomena—the relationship between 
these signs and symbols is the semantical component of science, 


understand that scientists have selected as their criteria for truth 
sense data which can be comprehended and checked by everybody 
with the appropriate training, and 

understand that the principles of physics can only be valid when 
they refer to a system, or systems, of reference; 


understand the role of the ordered observer as a constructor of reality; 


understand the relationship of theory to observation—without theory 


man does not know what to observe; 

understand the role of operational analysis as it has come to be a part 
of the methodology of the physical sciences; 

understand the function of operational definitions in prediction, for 
prediction is only possible when the terms within the principles of 
science have been given their operational definitions, 


understand the way in which different operations reinforce and 


supplement each other in many ways, 
е of instrumental operations in develop- 


and 


understand the critical rol 
ing physical content in physical concepts; 


understand the impossibility of divorcing physical concepts from the 
operations by which they are generated and of the impossibility of 
speaking of things existing by themselves in their own rights, and 
understand that no observation record is understandable without 
knowledge of the theory which underlies the instruments used in 


observation. 


THE VERIFICATION AND ACCEPTANCE OF THEORIES 


for sciences of increasingly precise predictability, 


The search А 6 t 
ptive sciences, was evidenced in each 
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of the works investigated. That prediction does not seek to merely call 
forth the original observation but must also have the power, the deduc- 
tive fertility, to be extended to as yet unknown phenomena was stressed 
by those writers who delved deepest into its meanings. The difficulties 
of prediction in biology, where the unique event is of interest, brings 
additional difficulties to this field which are as yet unresolved through 
available mathematical and logical techniques. That the symbolization 
denoting the entities of complex systems and rules for manipulating 
these symbols provided by the Boole-Frege movement offer an as yet 
unexploited methodological system was illustrated by Woodger’s ахіо- 
matization of Mendelian genetics. [17] 

The validation of theories which predict involves a threefold process. 
First, the constructs within theories must undergo the imposition of 
certain metaphysical principles. Second, they must successfully complete 
the circuit of verification. The circuit of verification begins in the P field 
(see Fig. 1), the field of perception, proceeds by rules of correspon- 
dence in the C field, the constructional field, and then returns to the 
P field by a different pathway. Third, verification also includes the 
establishment of rules of correspondence which link data to constructs. 
Working always within theory, the linking of constructs to the P field 
and establishing relations among constructs assures the validation of 
constructs and theory. As Margeneau indicates, the processes of veri- 
fication have enabled the exact sciences “. . . to develop theories furnish- 
ing criteria for the rejection of illusory data.” [18] As illustrated in 
Figure 1 and as discussed throughout this paper, prediction involves 
both empirical and rational knowledge; neither is sufficient alone. 
Through the development of operational definitions, correspondence 
between the rational and the empirical is maintained; throughout this 
circuit, the observer is an integral part of both what is observed and 
constructed. One has only to recall the changes in man’s conception of 
the universe which followed the Copernican Revolution to appreciate 
the importance of the constructional nature of science. 

Theories of high generality such as relativity, quantum theory, New- 
ton’s theory of gravitation, etc., are not uniquely determined by their 
logical consistency, as developed through the circuit of verification and 
their agreement with observed fact. Sociological and psychological fac- 
tors, C. S. Pierce’s pragmatic component of science, [19] enter into 
acceptance when several theories may be valid. As Frank points out, 
Francis Bacon preferred the Ptolemaic theory over the Copernican 
theory “. . . because it is more in agreement with common sense.” [20] 
This illustration helps further to clarify the influence of the pragmatic 
component for “common sense” is shaped by the climate of opinion 
which prevails at a particular time in history. Bridgman provides a 
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further clarification of theory acceptance in discussing Ostwald’s pro- 
posal of fifty years ago that the concept of atoms was superfluous 
when he observed that “it may well be, however, that one of two 
alternative points of view is so much more congenial to the common- 
sense way of looking at things, the commonsense point of view itself 
being recognized as at bottom a construction (italics mine), that we 
shall adopt it in preference to the other. [26] In this instance further 
experimental discoveries became so overwhelming that Ostwald’s pro- 
posal has been discarded. 

The currents of scientific thought which questioned the organismic 
universe of the Greeks and resulted in the Copernican revolution and 
the world machine of Newton took place over centuries within the 
fabric of the evolving society of western civilization. We may thus 
consider theories as being constructed, and their validity may be con- 
sidered adequate so long as their predictions are confirmed in experi- 
ment. An understanding of the constructed nature of theories and of 
the interrelationships of scientific thought with the social milieu in 
which they are imbedded is a necessary part of education in the sciences. 
It also becomes essential that education in the sciences provide ways 
for individuals to learn that the very “seeing” and “recording” that man 
does have been influenced by his past. 

Accordingly, an individual who is deve 
increasingly 


loping scientific literacy will 


understand the inextricable relationship of the knower and the known, 


and 
other areas of human thought or 


understand the way in which 
may influ- 


beliefs in religion, logic, mathematics, technology, etc., 
ence his views in science; 
terest to science are 


understand that those aspects of experience of in 
rationalizing data; 


those which satisfy the available procedures for 
n is only possible when the terms within the 


understand that predictio 
their operational definitions, 


principles of science have been given 


understand that a prediction to be of value and interest in science 
must be able to predict a large number of apparently unrelated 


observations, 
understand that prediction is more difficult in biology and that 
appropriate logical, mathematical, and syntactical procedures will 


be needed to cope with deductive theories and processes concern- 
ing the living state; and understand the differences in criteria used 


for verifying and for accepting a theory. 
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A SUMMARY OF ADDITIONAL 
UNDERSTANDINGS WITH REGARD TO THE NATURE OF SCIENCE 


Imbedded in the discussion of the four areas of concern to which 
the writer has devoted the largest measure of his attention in this 
article, and which were selected for emphasis because of his judgment 
as to their central importance to science curriculum, there have been 
stated central understandings which emerged from this study. These 
understandings were stated so as to characterize an individual who will 
be in process of growth toward a more mature conception of the nature 
and structure of science. 

In this concluding section additional understandings will be presented 
without elaboration except in the last іпѕќапсе.! Four of the areas will 
deal further with the constraints within scientific reasoning which both 
serve to facilitate this reasoning and to characterize it as “scientific” 
when contrasted with other modes of thought. A brief discussion of 
intuition and discovery is included since much current writing in science 
education relates to these processes, and it is the judgment of the writer 
that the works studied in this dissertation cast thoughtful light on some 
essential distinctions with regard to these processes. 


CONSTRAINTS: METAPHYSICAL PRINCIPLES 
Accordingly, an individual who is developing scientific literacy 
will increasingly 


understand the continuing role that certain metaphysical principles 
have had in directing inquiry; 


understand the relative longevity of metaphysical principles, theories, 
laws of nature, and constructs within the evolution of scientific knowl- 
edge; 


understand that certain assumptions serve as constraints and guides 
in the evolution of scientific knowledge and thus become a part of 
the structure of science. 


Constraints: LANGUAGE 


Accordingly, an individual who is developing scientific literacy 
will increasingly 


_ ‘The reader is referred to the dissertation, or the individual works analyzed 
in it, for substantiation of the statements. 


152 


understand the indispensability of language as well as instruments in 
the development of scientific knowledge—that the recording of obser- 
vations and the construction of hypotheses is impossible without each; 


understand the decreasing utility of the natural language as science 
develops and understand the requirements for developing a more 
precise language, and 


understand the pitfalls into which one may fall in the use of 
natural language in science—dualistic thinking, unwarranted use of 


metaphor, elliptical expression; 


understand the role of man as an interpreter of nature and that as a 
consequence, the study of language is as essential to the scientist as 
| the study of observation, and 
understand the advantages of the extensional point of view in 
developing scientific statements; 


understand the metaphysical and organismic interpretations which 
attempt to construct explanatory schemes and 


were a part of man’s 
asoning, and 


that the contemporary sciences still exhibit such re 


understand that philosophical interpretations of theories grow out of 


analogies to daily life and are not uniquely determined by theory; 


understand the use of metaphor and analogy when speaking of “di- 
rectiveness” in organisms as being like “conscious purposing т man, 
a yet to be clarified area of methodological concern in biology, and 


understand the use of analogy as a method of discovery, but also 
understand its lack of complete and unique correspondence. 


Constraints; LOGICAL AND MATHEMATICAL 


Accordingly, an individual who is developing scientific literacy 
will increasingly 
al relationships within all exact, or deduc- 


understand that the essenti 
and 


tive, sciences are logical and mathematical, 
at without the utilization of set theory the biologist 


understand th 
hich he often treats as though they were 


ds left with properties w 
entities; 
of measurement and the logical hiatus 


understand the “haziness” 
their mathematical expression in numbers; 


between measurements and 
evelopment of a natural law as a statement which 
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understand the 4 


has evolved from a definition to a differential equation in which each 
term has independent instrumental significance. 


CONSTRAINTS: MODELS AND VISUALIZATIONS 


Accordingly, an individual who is developing scientific literacy 
will increasingly i 


understand that models may be used in science to represent various 
sets of relationships and may be mechanical, linguistic, mathematical, 
etc.; 


understand that as the sciences have developed, models Һауе become 
increasingly theoretical and abstract—physical models give way to 
mathematical models; 


understand the use of models and visualizations by the scientist as a 
means of assisting him in organizing his relationships into a unified 
whole and to assist him in formulating hypotheses, and 


understand that models are idealizations that are widely used as 


pedagogical devices but that models are not the physical reality 
itself; 


understand the term “model” which may be used in the biological 
sciences in the phrase “a family of models” as defining a biological 
theory which serves to interrelate concepts at different levels of 
organization. 


INTUITION AND DISCOVERY 


The impossibility of separating intuition and discovery from the 
matrix of thought patterns and processes which characterize scientific 
reasoning has been apparent from the six writings investigated, for each 
works within the total fabric of thought. One becomes convinced from 
these writings that intuition and discovery in science are the fruit of 
imagination working with the well prepared mind. Both involve the 
ability to see relationships previously unseen, but both must work 
within the semantical, logical, and pragmatic constraints of scientific 
reasoning. 


Intuition particularly functions in the 


inductive phases of inquiry 
when 


у , as Woodger notes, [22] the particularity of observation records 
is transformed by the formulation of a newer, verifiable hypothesis 
which speaks of “all” in reference to a given set of phenomena. 


Discovery, too, functions within the inductive phases of inquiry and 
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can, also, be an outgrowth of the deductive phases as whole new cos- 
mologies may be constructed. Discovery is frequently aided in the 
inductive phase by analogy and metaphor as the scientist seeks to 
transcend his observations and achieve а more general statement. 


Every individual scientific discovery refers, beyond the factual circum- 
stances in which it arises, to some universal for its significance. The 
difference between noting a fact and making a discovery centers pre- 
cisely in this crucial condition: that a discovery suggests a fairly general 
postulational proposition which presses for tentative acceptance, while 
the fact allows mere inductive generalization. The postulate, when 
analyzed, is replete with deductive consequences, each of which says 
more than the original discovery; the inductive generalization as such 
can say nothing save what might happen when similar facts are in- 
spected. [23] 


the insights gained from both intuition and dis- 
d into the accepted patterns of 
a part of the deductive struc- 


In the last analysis, 
covery must be integrated and formalize 
reasoning if they are in time to become 
ture of a particular scientific discipline. 
| Accordingly, ап individual who is developing scientific literacy will 
increasingly 

understand the use of imagination, intuition, and construction which 

are essential characteristics of the processes of discovery in science, 


a method of discovery, but under- 


understand the use of analogy as 
pondence, and 


stand its lack of complete and unique corres; 


understand the relationship between discovery and the well pre- 


pared mind of the inquiring scientist. 


SUMMARY 


>s as between structure and proc- 


The necessary interrelationshiy t | 
ess as they emerge from the findings of this investigator are presented 


in Figure 2. This schemata attempts to represent the pervasive influ- 
ences of the metaphysical principles and the circuit of verification as 
they have developed historically and are expressed in contemporary 
experimental inquiry. 

This т =e selected findings from a doctoral dissertation 
concerned with the nature or structure of science. Four aspects of the 
emergent structure of science were briefly discussed and a statement of 
selected understandings which characterize an individual who is grow- 
ing in scientific literacy have been presented. The dichotomy of products 
and processes of the scientific enterprise has been replaced by a unity 
in which the knower and the known are inextricably intertwined. 
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The writer proposes that the series of understandings may provide, 
after further investigation, a basis for the development of science cur- 
гісша which makes the structure of science more explicit and provides 
for uniting the methods of inquiry with the knowledge produced— 
science curricula which would reflect the nature and organization of 
scientific knowledge as developed in this study. 
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The Structure of Science 


(Emerges from) 


Experimental Inquiry* 


Generative Inquiry Completive Inquiry 


The specia 
of questi 


statements 
ons today 


idered relevant 
аг question 


Data now cons 
to а particu 


R 
ules of correspondence now used 


Constructs now used 


Theories now used 


Validation procedures now used 
р — role of probability, ete. — 
©ncern with both reliability and 
validity 
Figure 


°Т. J. Schwab made similar distinctions as 


publication, “Education and the Structure 0 
or the Project on the Instructional Program 
Education Association, Washington, D. C., 196 
6 The writer uses the term “generative 
‘completive” in preference to “stable 
more of the findings of this st 
inquiry into inquiries” in a way somewhat 
Inquiry.” 


(Inquiry operates within the) 
Metaphysical Princi 


(Inquiry seeks to complete the) 
Circuit of Verification 


in рге! 
in the belief that these terms convey 
udy than do Schwab’s terms. Schwab also uses 


Historical Study of Inquiry 


ples——————____ 


The way in which questions 
were stated in the past 


Data previously considered 
relevant 


Rules of correspondence previously used and 
why modified and, or, replaced 


Constructs previously used and why replaced 


Theories previously used and why replaced 


Validation procedures previously used and 
why modified and, or, replaced — historical 
concerns with aspects of reliability 
and validity 


2. A schemata of the nature of science. 


to type of inquiry in a recent 


f the Disciplines,” a paper prepared 


of the Public Schools, National 
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ference to Schwab’s “fluid” and 


parallel to “Historical Study of 
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The Nature of Discovery 


Discovery has become a big word in science education. Most 
publishers realize that their advertising for new textbooks must contain 
liberal doses of this word. Failure to use it may quickly doom a new 
book. But what is discovery and how can students be expected to ac- 
complish it? Is learning possible without an element of discovery? Ac- 
cording to Jean Piaget, “Even in order to understand, we have to invent, 
or, that is, to reinvent, because we can’t start from the beginning again 

. anything is only understood to the extent that it is reinvented. 

In this book the author has been advocating finding ways of helping 
students to learn science through discovery in and outside of the class- 
room. The two articles in this section analyze briefly how discovery may 
occur. One important problem to consider is the role of facts in dis- 
covery. As Professor Farre points out, ordinary facts are neutral and 
point to neither one interpretation nor another; “they simply are.” Dis- 
covering thus becomes primarily a matter of looking at old facts in a 
new way. There is as yet no simple logic for making discoveries, and yet 


discovery and rediscovery appear more and more to be essential elements 
of learning experiences in science. 


1Frank Jennings, “ 


Jean Piaget, Notes on Learnin ,” Saturday Revi Ма 
20, 1967, рр. 81-83. Я а 
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The Act of Discovery* 


Jerome S. Bruner 


s Guide for the Perplexed’, speaks of four 
en might seek. The first and lowest form is 
perfection in the acquisition of worldly goods. The great philosopher 
dismisses such perfection on the ground that the possessions one acquires 
bear no meaningful relation to the possessor: “A great king may one 
morning find that there is no difference between him and the lowest 
person.” A second perfection is of the body, its conformation and skills. 
Its failing is that it does not reflect on what is uniquely human about 
man: “he could [in any case] not be as strong as a mule.” Moral perfec- 
tion is the third, “the highest degree of excellency in man’s character.” 
ОЕ this perfection Maimonides says: “Imagine a person being alone, and 
having no connection whatever with any other person; all his good moral 
principles are at rest, they are not required and give man no perfection 
whatever, These principles are only necessary and useful when man 
comes in contact with others.” “The fourth kind of perfection is the 
true perfection of man; the possession of the highest intellectual fac- 
ulties, . . .” In justification of his assertion, this extraordinary Spanish- 
Judaic philosopher urges: “Examine the first three kinds of perfection; 
you will find that if you possess them, they are not your property, but 
the property of others. . - - But the last kind of perfection is exclusively 
yours; no one else owns any part of it.” 

It is a conjecture much like that of Maimonides that leads me to 
examine the act of discovery in man’s intellectual life. For if man’s 
intellectual excellence is the most his own among his perfections, it is 
also the case that the most uniquely personal of all that he knows is that 


Maimonides, їп hi 
forms of perfection that m 


°Reprinted from Harvard Ed. Rev., ү. 31, рр. 21-32 (1961). ©, by per- 


mission. 


1Maimonides, 
1956). 


Guide for the Perplexed (New York: Dover Publications, 
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which he has discovered for himself. What difference does it make, then, 
that we encourage discovery in the learning of the young? (Does it, as 
Maimonides would say, create a special and unique relation between 
knowledge possessed and the possessor? And what may such a unique 
relation do for a man—or for a child, if you will, for our concern is with 
the education of the young?) 

The immediate occasion for my concern with discovery—and I do not 
restrict discovery to the act of finding out something that before was un- 
known to mankind, but rather include all forms of obtaining knowledge 
for oneself by the use of one’s own mind—the immediate occasion is the 
work of the various new curriculum projects that have grown up in 
America during the last six or seven years. For whether one speaks to 
mathematicians or physicists or historians, one encounters repeatedly an 
expression of faith in the powerful effects that come from permitting the 
student to put things together for himself, to be his own discoverer. 

First, let it be clear what the act of discovery entails. It is rarely, on 
the frontier of knowledge or elsewhere, that new facts are “discovered” 
in the sense of being encountered as Newton suggested in the form of 
islands of truth in an uncharted sea of ignorance. Or if they appear to 
be discovered in this way, it is almost always thanks to some happy 
hypotheses about where to navigate. Discovery, like surprise, favors the 
well prepared mind. In playing bridge, one is surprised by a hand with 
no honors in it at all and also by hands that are all in one suit. Yet all 
hands in bridge are equiprobable: one must know to be surprised. So too 
in discovery. The history of science is studded with examples of men 
“finding out” something and not knowing it. I shall operate on the 
assumption that discovery, whether by a schoolboy going it on his own 
or by a scientist cultivating the growing edge of his field, is in its 
essence a matter of rearranging or transforming evidence in such a way 
that one is enabled to go beyond the evidence so reassembled to addi- 
tional new insights. It may well be that an additional fact or shred of 
evidence makes this larger transformation of evidence possible. But it 
is often not even dependent on new information. 

It goes without saying that, left to himself, the child will go about 
discovering things for himself within limits. It also goes without saying 
that there are certain forms of child rearing, certain home atmospheres 
that lead some children to be their own discoverers more than other 
children. These are both topics of great interest, but I shall not be dis- 
cussing them. Rather, I should like to confine myself to the consideration 
of discovery and “finding-out-for-oneself” within an educational setting— 
specifically the school. Our aim as teachers is to give our student as 
firm a grasp of a subject as we can, and to make him as autonomous 
and self-propelled a thinker as we can—one who will go along on his 
own after formal schooling has ended. I shall return in the end to the 
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question of the kind of classroom and the style of teaching that en- 
courages an attitude of wanting to discover. For purposes of orienting 
the discussion, however, I would like to make an overly simplified dis- 
tinction between teaching that takes place in the expository mode and 
teaching that utilizes the hypothetical mode. In the former, the decisions 
concerning the mode and pace and style of exposition are principally 
determined by the teacher as expositor; the student is the listener. If I 
can put the matter in terms of structural linguistics, the speaker has a 
quite different set of decisions to make than the listener: the former has 
a wide choice of alternatives for structuring, he is anticipating para- 
graph content while the listener is still intent on the words, he is manip- 
ulating the content of the material by various transformations, while 
the listener is quite unaware of these internal manipulations. In the 
hypothetical mode, the teacher and the student are in a more cooperative 
position with respect to what in linguistics would be called “speaker's 
decisions.” The student is not a bench-bound listener, but is taking a 
part in the formulation and at times may play the principal role in it. 
He will be aware of alternatives and may even have an “as if” attitude 
toward these and, as he receives information he may evaluate it as it 
comes. One cannot describe the process in either mode with great pre- 
cision as to detail, but I think the foregoing may serve to illustrate what 
is meant. 

Consider now what benefit might be derived from the experience of 
learning through discoveries that one makes for oneself. I should like to 
discuss these under four headings: (1) The increase in intellectual 
potency, (2) the shift from extrinsic to intrinsic rewards, (3) learning 
the heuristics of discovering, and (4) the aid to memory processing. 

1. Intellectual potency. If you will permit me, I would like to 
consider the difference between subjects in a highly constrained psycho- 
volving a two-choice apparatus. In order to win 
chips, they must depress a key either on the right or the left side of the 
machine. A pattern of payoff is designed such that, say, they will be paid 
off on the right side 70 per cent of the time, on the left 30 per cent, 
although this detail is not important. What is important is that the payoff 
sequence is arranged at random, and there is no pattern. I should like to 
contrast the behavior of subjects who think that there is some pattern 
e—who think that regularities are discoverable 
—in contrast to subjects who think that things are happening quite by 
chance. The former group adopts what is called an “event-matching 
strategy in which the number of responses given to each side is roughly 
equal to the proportion of times it pays off: in the present case R70:L30, 
The group that believes there is no pattern very soon reverts to a much 
more primitive strategy wherein all responses are allocated to the side 
that has the greater payoff. A little arithmetic will show you that the lazy 


logical experiment in 


to be found in the sequence 
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all-and-none strategy pays off more if indeed the environment is random: 
namely, they win seventy per cent of the time. The event-matching sub- 
jects win about 70% on the 70% payoff side (or 49% of the time there) 
and 30% of the time on the side that pays off 30% of the time (another 
9% for a total take-home wage of 58% in return for their labors of deci- 
sion). But the world is not always or not even frequently random, and 
if one analyzes carefully what the event-matchers are doing, it turns 
out that they are trying out hypotheses one after the other, all of them 
containing a term such that they distribute bets on the two sides with 
a frequency to match the actual occurence of events. If it should turn 
out that there is a pattern to be discovered, their payoff would become 
100%. The other group would go on at the middling rate of 70%. 

What has this to do with the subject at hand? For the person to search 
out and find regularities and relationships in his environment, he must 
be armed with an expectancy that there will be something to find and, 
once aroused by expectancy, he must devise ways of searching and find- 
ing. One of the chief enemies of such expectancy is the assumption that 
there is nothing one can find in the environment by way of regularity 
or relationship. In the experiment just cited, subjects often fall into a 
habitual attitude that there is either nothing to be found or that they 
can find a pattern by looking. There is an important sequel in behavior 
to the two attitudes, and to this I should like to turn now. 

We have been conducting a series of experimental studies on a group 
of some seventy school children over the last four years. The studies 
have led us to distinguish an interesting dimension of cognitive activity 
that can be described as ranging from episodic empiricism at one end to 
cumulative constructionism at the other. The two attitudes in the choice 
experiments just cited are illustrative of the extremes of the dimension. 
I might mention some other illustrations. One of the experiments em- 
ploys the game of Twenty Questions. A child—in this case he is between 
10 and 12—15 told that a car has gone off the road and hit a tree. He is 
to ask questions that can be answered by “yes” or “no” to discover the 
cause of the accident. After completing the problem, the same task is 
given him again, though he is told that the accident had a different cause 
this time. In all, the procedure is repeated four times. Children enjoy 
playing the game. They also differ quite markedly in the approach or 
strategy they bring to the task. There are various elements in the strate- 
gies employed. In the first place, one may distinguish clearly between 
two types of questions asked: the one is designed for locating constraints 
in the problem, constraints that will eventually give shape to an hypoth- 
esis; the other is the hypothesis as question. It is the difference between, 
“Was there anything wrong with the driver?” and “Was the driver 
rushing to the doctor's office for an appointment and the car got out of 
control?” There are children who precede hypotheses with efforts to 
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locate constraint and there are those who, to use our local slang, are 
“pot-shotters,” who string out hypotheses non-cumulatively one after 
the other. A second element of strategy is its connectivity of information 
gathering: the extent to which questions asked utilize or ignore or violate 
information previously obtained. The questions asked by children tend to 
be organized in cycles, each cycle of questions usually being given over 
to the pursuit of some particular notion. Both within cycles and between 
cycles one can discern a marked difference on the connectivity of the 
child’s performance. Needless to say, children who employ constraint 
location as a technique preliminary to the formulation of hypotheses tend 
to be far more connected in their harvesting of information. Persistence 
is another feature of strategy, a characteristic compounded of what 
appear to be two components: a sheer doggedness component, and a 
persistence that stems from the sequential organization that a child 
brings to the task. Doggedness is probably just animal spirits or the 
need for achievement —what has come to be called n-ach. Organized 
persistence is a maneuver for protecting our fragile cognitive apparatus 
from overload, The child who has flooded himself with disorganized 
information from unconnected hypotheses will become discouraged and 
confused sooner than the child who has shown a certain cunning in his 
strategy of getting information—a cunning whose principal component 
is the recognition that the value of information is not simply in getting 
it but in being able to carry it. The persistence of the organized child 
stems from his knowledge of how to organize questions in cycles, how 
to summarize things to himself, and the like. | 
Episodic empiricism is illustrated by information gathering that is 
unbound by prior constraints, that lacks connectivity, and that is deficient 
in organizational persistence. The opposite extreme is illustrated by an 
approach that is characterized by constraint sensitivity, by connective 
maneuvers, and by organized persistence. Brute persistence seems to be 
one of those gifts from the gods that make people more exaggeratedly 
what they are.” | А 
Before returning to the issue of discovery and its role in the develop- 
ment of thinking, let me say а word more about the ways in which infor- 
mation may get transformed when the problem solver has actively 
processed it. There is first of all a pragmatic question: what does it take 
to get information processed into a form best designed to fit some future 
use? Take an experiment by Zajonc* as a case in point. He gives groups 


assing that the two extremes also characterize 
s reported in A Study of Thinking by J. S. 
ley, 1956). Successive scanning illustrates well 
conservative focussing is an 


21 should also remark іп р 
concept attainment strategies а: 
Bruner et al. (New York: J. Wi 5). | 
what is meant here by episodic empiricism; 
example of cumulative constructionism. 

3R. В. Zajonc (Personal communication, 1957). 
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of subjects information of a controlled kind, some groups being told 
that their task is to transmit the information to others, others that it is 
merely to be kept in mind. In general, he finds more differentiation and 
organization of the information received with the intention of being 
transmitted than there is for information received passively. An active 
set leads to a transformation related to a task to be performed. The risk, 
to be sure, is in possible overspecialization of information processing that 
may lead to such a high degree of specific organization that information 
is lost for general use. 

I would urge now in the spirit of an hypothesis that emphasis upon 
discovery in learning has precisely the effect upon the learner of leading 
him to be a constructionist, to organize what he is encountering in a 
manner not only designed to discover regularity and relatedness, but also 
to avoid the kind of information drift that fails to keep account of the 
uses to which information might have to be put. It is, if you will, a 
necessary condition for learning the variety of techniques of problem 
solving, of transforming information for better use, indeed for learning 
how to go about the very task of learning. Practice in discovering for 
oneself teaches one to acquire information in a way that makes that 
information more readily viable in problem solving. So goes the hypoth- 
esis. It is still in need of testing. But it is an hypothesis of such important 
human implications that we cannot afford not to test it—and testing will 
have to be in the schools. 


2. Intrinsic and extrinsic motives. Much of the problem in leading 
a child to effective cognitive activity is to free him from the immediate 
control of environmental rewards and punishments. That is to say, learn- 
ing that starts in response to the rewards of parental or teacher approval 
or the avoidance of failure can too readily develop a pattern in which 
the child is seeking cues as to how to conform to what is expected of 
him. We know from studies of children who tend to be early over- 
achievers in school that they are likely to be seekers after the “right way 
to do it” and that their capacity for transforming their learning into 
viable thought structures tends to be lower than children merely achiev- 
ing at levels predicted by intelligence tests. Our tests on such children 
show them to be lower in analytic ability than those who are not con- 
spicuous in overachievement.* As we shall see later, they develop rote 
abilities and depend upon being able to “give back” what is expected 
rather than to make it into something that relates to the rest of their 
cognitive life. As Maimonides would say, their learning is not their own. 

The hypothesis that I would propose here is that to the degree that 
one is able to approach learning as a task of discovering something rather 


4]. S. Bruner and A. J. Caron, “Cognition, Anxiety, and Achievement in the 
Preadolescent,” Journal of Educational Psychology (in press). 
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than “learning about” it, to that degree will there be a tendency for the 
child to carry out his learning activities with the autonomy of self-reward 
or, more properly by reward that is discovery itself. 

To those of you familiar with the battles of the last half-century in 
the field of motivation, the above hypothesis will be recognized as con- 
troversial. For the classic view of motivation in learning has been, until 
very recently, couched in terms of a theory of drives and reinforcement: 
that learning occurred by virtue of the fact that a response produced 
by a stimulus was followed by the reduction in a primary drive state. 
The doctrine is greatly extended by the idea of secondary reinforcement: 
any state associated even remotely with the reduction of a primary drive 
could have the effect of producing learning. There has recently ap- 
peared a most searching and important criticism of this position, written 
by Professor Robert White,* reviewing the evidence of recently pub- 
lished animal studies, of work in the field of psychoanalysis, and of re- 
search on the development of cognitive processes in children. Professor 
White comes to the conclusion, quite rightly I think, that the drive- 
reduction model of learning runs counter to too many important phe- 
nomena of learning and development to be either regarded as general 
in its applicability or even correct in its general approach. Let me sum- 
marize some of his principal conclusions and explore their applicability 


to the hypothesis stated above. 


ather the various kinds of behavior just men- 

to do with effective interaction with the 
al heading of competence. According to 
ability, and the suggested synonyms 


I now propose that we g 
tioned, all of which have 
environment, under the gener 
Webster, competence means fitness or $ y 
include capability, capacity, efficiency, proficiency, and skill. It is there- 
fore a suitable word to describe such things as grasping and exploring, 
crawling and walking, attention and perception, language and thinking, 
manipulating and changing the surroundings, all of which promote an 
effective—a competent—interaction with the environment. It is true of 
course, that maturation plays a part in all these developments, but this 
part is heavily overshadowed by learning in all the more complex accom- 
plishments like speech or skilled manipulation. I shall argue that it is 
necessary to make competence a motivational concept; there is compe- 
tence motivation as well as competence in its more familiar sense of 
achieved capacity. The behavior that leads to the building up of effective 
grasping, handling, and letting go of objects, to take one example, is not 
random behavior that is produced by an overflow of energy. It is directed, 
selective, and persistent, and it continues not because it serves primary 
drives, which indeed it cannot serve until it is almost perfected, but 
because it satisfies an intrinsic need to deal with the environment.® 


5R. W. White, “Motivation Reconsidered: The Concept of Competence,” 
Psychological Review, LXVI (1959), 297-333. 
6Ibid., рр. 317-18. 


165 


I am suggesting that there are forms of activity that serve to enlist and 
develop the competence motive, that serve to make it the driving force 
behind behavior. I should like to add to White’s general premise that 
the exercise of competence motives has the effect of strengthening the 
degree to which they gain control over behavior and thereby reduce the 
effects of extrinsic rewards or drive gratification. 

The brilliant Russian psychologist Vigotsky" characterizes the growth 
of thought processes as starting with a dialogue of speech and gesture 
between child and parent; autonomous thinking begins at the stage when 
the child is first able to internalize these conversations and “run them 
off” himself. This is a typical sequence іп the development of compe- 
tence. So too in instruction. The narrative of teaching is of the order of 
the conversation. The next move in the development of competence is 
the internalization of the narrative and its “rules of generation” so that 
the child is now capable of running off the narrative on his own. The 
hypothetical mode in teaching by encouraging the child to participate 
in “speaker’s decisions” speeds this process along. Once internalization 
has occurred, the child is in a vastly improved position from several 
obvious points of view—notably that he is able to go beyond the informa- 
tion he has been given to generate additional ideas that can either be 
checked immediately from experience or can, at least, be used as a basis 
for formulating reasonable hypotheses. But over and beyond that, the 
child is now in a position to experience success and failure not as reward 
and punishment, but as information. For when the task is his own rather 
than a matter of matching environmental demands, he becomes his own 
paymaster in a certain measure. Seeking to gain control over his environ- 
ment, he can now treat success as indicating that he is on the right track, 
failure as indicating he is on the wrong one. 

In the end, this development has the effect of freeing learning from 
immediate stimulus control. When learning in the short run leads only 
to pellets of this or that rather than to mastery in the long run, then be- 
havior can be readily “shaped” by extrinsic rewards. When behavior 
becomes more long-range and competence-oriented, it comes under the 
control of more complex cognitive structures, plans and the like, and 
operates more from the inside out. It is interesting that even Pavlov, 
whose early account of the learning process was based entirely on a 
notion of stimulus control of behavior through the conditioning mech- 
anism in which, through contiguity a new conditioned stimulus was 
substituted for an old unconditioned stimulus by the mechanism of 
stimulus substitution, that even Pavlov recognized his account as in- 
sufficient to deal with higher forms of learning. To supplement the 
account, he introduced the idea of the “second signalling system,” with 
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central importance placed on symbolic systems such as language in 
mediating and giving shape to mental life. Or as Luria* has put it, “the 
first signal system [is] concerned with directly perceived stimuli, the 
second with systems of verbal elaboration.” Luria, commenting on the 
importance of the transition from first to second signal system, says: “It 
would be mistaken to suppose that verbal intercourse with adults merely 
changes the contents of the child’s conscious activity without changing 
its form. . . . The word has a basic function not only because it indicates 
a corresponding object in the external world, but also because it ab- 
stracts, isolates the necessary signal, generalizes perceived signals and 
relates them to certain categories; it is this systematization of direct 
experience that makes the role of the word in the formation of mental 
processes so exceptionally important.” 7° 

It is interesting that the final rejection of the universality of the doc- 
trine of reinforcement in direct conditioning came from some of Pavlov’s 
own students, Ivanov-Smolensky"! and Krasnogorsky’* published papers 
showing the manner in which symbolized linguistic messages could take 
over the place of the unconditioned stimulus and of the unconditioned 
response (gratification of hunger) in children. In all instances, they 
speak of these as replacements of lower, first-system mental or neural 
processes by higher order or second-system controls. A strange irony, 
then, that Russian psychology that gave us the notion of the conditioned 
response and the assumption that higher order activities are built up 
out of colligations or structurings of such primitive units, rejected this 
notion while much of American learning psychology has stayed until 
quite recently within the early Pavlovian fold (see, for example, a recent 
article by $репсе!# in the Harvard Educational Review or Skinner's 
treatment of language" and the attacks that have been made upon it by 
linguists such as Chomsky! who have become concerned with the rela- 
tion of language and cognitive activity). What is the more interesting 
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is that Russian pedagogical theory has become deeply influenced by this 
new trend and is now placing much stress upon the importance of build- 
ing up a more active symbolical approach to problem solving among 
children. 

To sum up the matter of the control of learning, then, I am proposing 
that the degree to which competence or mastery motives come to control 
behavior, to that degree the role of reinforcement or “extrinsic pleasure” 
wanes in shaping behavior. The child comes to manipulate his environ- 
ment more actively and achieves his gratification from coping with prob- 
lems. Symbolic modes of representing and transforming the environment 
arise and the importance of stimulus-response-reward sequences declines. 
To use the metaphor that David Riesman developed in a quite different 
context, mental life moves from a state of outer-directedness in which 
the fortuity of stimuli and reinforcement are crucial to a state of inner- 
directedness in which the growth and maintenance of mastery become 
central and dominant. 


3. Learning the heuristics of discovery. Lincoln Steffens,'® re- 
flecting in his Autobiography on his undergraduate education at Berke- 
ley, comments that his schooling was overly specialized on learning 
about the known and that too little attention was given to the task of 
finding out about what was not known. But how does one train a student 
in the techniques of discovery? Again I would like to offer some hypoth- 
eses. There are many ways of coming to the arts of inquiry. One of them 
is by careful study of its formalization in logic, statistics, mathematics, 
and the like. If a person is going to pursue inquiry as a way of life, 
particularly in the sciences, certainly such study is essential. Yet, who- 
ever has taught kindergarten and the early primary grades or has had 
graduate students working with him on their theses—I choose the two 
extremes for they are both periods of intense inquiry—knows that an 
understanding of the formal aspect of inquiry is not sufficient. There 
appear to be, rather, a series of activities and attitudes, some directly 
related to a particular subject and some of them fairly generalized, that 
go with inquiry and research. These have to do with the process of try- 
ing to find out something and while they provide no guarantee that the 
product will be any great discovery, their absence is likely to lead to 
awkwardness or aridity of confusion. How difficult it is to describe these 
matters—the heuristics of inquiry. There is one set of attitudes or ways of 
doing that has to do with sensing the relevance of variables—how to 
avoid getting stuck with edge effects and getting instead to the big 
sources of variance. Partly this gift comes from intuitive familiarity with 
a range of phenomena, sheer “knowing the stuff.” But it also comes out 


16L. Steffens. Autobiography of Lincoln Steffens (New York: Harcourt, 
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of a sense of what things among an ensemble of things “smell right” in 
the sense of being of the right order of magnitude or scope or severity. 

The English philosopher Weldon describes problem solving in an 
interesting and picturesque way. He distinguishes between difficulties, 
puzzles, and problems. We solve a problem or make a discovery when 
we impose a puzzle form on to a difficulty that converts it into a problem 
that can be solved in such a way that it gets us where we want to be. 
That is to say, we recast the difficulty into a form that we know how to 
work with, then work it. Much of what we speak of as discovery consists of 
knowing how to impose what kind of form on various kinds of difficulties. 


A small part but a crucial part of discovery of the highest order is to 
els or “puzzle forms” that can be imposed on 


invent and develop mod 
his area that the truly powerful 


difficulties with good effect. It is in t 
mind shines. But it is interesting to what degree perfectly ordinary 


people can, given the benefit of instruction, construct quite interesting 
and what, a century ago, would have been considered greatly original 
models, 


Now to the hypothesis. It is my hunch that it is only through the exer- 


cise of problem solving and the effort of discovery that one learns the 
working heuristic of discovery, and the more one has practice, the more 
likely is one to generalize what one has learned into a style of problem 
solving or inquiry that serves for any kind of task one may encounter— 
or almost any kind of task. I think the matter is self-evident, but what is 
unclear is what kinds of training and teaching produce the best effects. 
How do we teach a child to, say, cut his losses but at the same time be 
Persistent in trying out an idea; to risk forming an early hunch without 
at the same time formulating one 50 early and with so little evidence as 
to be stuck with it waiting for appropriate evidence to materialize; to 
pose good testable guesses that are neither too brittle nor too sinuously 
incorrigible; etc., etc. Practice in inquiry, in trying to figure out things 
for oneself is indeed what is needed, but in what form? Of only one 
thing I am convinced. I have never seen anybody improve in the art and 
technique of inquiry by any means other than engaging in inquiry. 


4. Conservation of memory. I should like to take what some 
psychologists might consider a rather drastic view of the memory pro- 
cess. It is a view that in large measure derives from the work of my 
colleague, Professor George Miller.’7 Its first premise is that the principal 
problem of human memory is not storage, but retrieval. In spite of the 
biological unlikeliness of it, we seem to be able to store a huge quantity 
of information—perhaps not a full tape recording, though at times it 
seems we even do that, but a great sufficiency of impressions. We may 
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infer this from the fact that recognition (i.e., recall with the aid of maxi- 
mum prompts) is so extraordinarily good in human beings—particularly in 
comparison with spontaneous recall where, so to speak, we must get out 
stored information without external aids or prompts. The key to retrieval 
is organization or, in even simpler terms, knowing where to find informa- 
tion and how to get there. 

Let me illustrate the point with a simple experiment. We present pairs 
of words to twelve-year-old children. One group is simply told to re- 
member the pairs, that they will be asked to repeat them later. Another 
is told to remember them by producing a word or idea that will tie the 
pair together in a way that will make sense to them. A third group is 
given the mediators used by the second group when presented with the 
pairs to aid them in tying the pairs into working units. The word pairs 
include such juxtapositions as “chair-forest,” “sidewalk-square,” and the 
like. One can distinguish three styles of mediators and children can be 
scaled in terms of their relative preference for each: generic mediation 
in which a pair is tied together by a superordinate idea: “chair and 
forest are both made of wood”; thematic mediation in which the two 
terms are imbedded in a theme or little story: “the lost child sat on a 
chair in the middle of the forest”; and part-whole mediation where 
“chairs are made from trees in the forest” is typical. Now, the chief re- 
sult, as you would all predict, is that children who provide their own 
mediators do best—indeed, one time through a set of thirty pairs, they 
recover up to 95% of the second words when presented with the first 
ones of the pairs, whereas the uninstructed children reach a maximum 
of less than 50% recovered. Interestingly enough, children do best in 
recovering materials tied together by the form of mediator they most 
often use. 

One can cite a myriad of findings to indicate that any organization of 
information that reduces the aggregate complexity of material by im- 
bedding it into a cognitive structure a person has constructed will make 
that material more accessible for retrieval. In short, we may say that 
the process of memory, looked at from the retrieval side, is also a process 
of problem solving: how can material be “placed” in memory so that 
it can be got on demand? 

We can take as a point of departure the example of the children who 
developed their own technique for relating the members of each word 
pair. You will recall that they did better than the children who were 
given by exposition the mediators they had developed. Let me suggest 
that in general, material that is organized in terms of a person’s own 
interests and cognitive structures is material that has the best chance 
of being accessible in memory. That is to say, it is more likely to be 
placed along routes that are connected to one’s own ways of intellectual 
travel. 


170 


In sum, the very attitudes and activities that characterize “figuring 
out” or “discovering” things for oneself also seem to have the effect of 


making material more readily accessible in memory. 
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On the Problem of 
Scientific Discovery* 


G. L. Farre 


Like practically all forms of rational knowledge, science was 
born in ancient Greece. The first of these forms to be developed was 
mathematics, somewhere in the fifth or sixth century в.с. The young 
science was most rigorously studied among a group of brilliant thinkers, 
who formed a learned fellowship named after its founder, the Pythagor- 
eans. The work they did was so fantastically good that in a little more 
than 200 years mathematics was in a well-developed form that was to 
be left virtually untouched until after the Renaissance. It was brought 
to that state of enduring perfection by such men as Euclid, Diophantos, 
and Archimedes. 

It is interesting to observe what the Greeks did in this context. It is 
well known that they learned a great deal from the ancient Egyptians, 
as well as from the Chaldeans and Sumerians. The Pythagorean theorem, 
for instance, was known at least 1,500 years before Pythagoras. 

Although the Ancients knew a great many propositions of geometry 
and of arithmetic, they knew them as (sorts of) empirical generaliza- 
tions. The Egyptians, for example, had been faced with the problem 
of drawing the boundaries of the fields that each fellahin was to cul- 
tivate after the Nile returned to its bed following the annual flood. So 
important was this function that Pharaoh himself is represented on the 
murals and bas-reliefs with the tools of the harpedonapts or land sur- 
veyors. After the harvest, the fellahins came to the royal granaries where 
their grain was to be divided, one part going to the royal establishment 
as a sort of tax. And so, many of the problems found in the papyri are 
of the form: how to divide 10 bushels of wheat into three equal parts 
(with empirical means of solving them). 

The inhabitants of the fertile valleys of the Tigris and the Euphrates, 
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in what is now Iraq, were great traders who launched important cara- 
vans going to all parts of the known world, distributing and buying 
goods. Consequently, their mathematics had to do with what we would 
call bookkeeping and accounting, and they devised many techniques 
for the solutions of arithmetical problems, satisfied that such solutions 
worked in practice. 


Furthermore, most of the early religions being astral, a great amount 
rmination of the relative positions of 


of work was expended in the dete 
, and in the keeping of 


many stars, the planets, the moon, and the sun 
time. 

Granted, then, that the early Greeks obtained mos 
mathematical information from the people of the Middle East, what 
did they do that so overshadows their inheritance? They did several 
things which have left a permanent imprint in our scientific posture. 
First, and perhaps most important, they made a fundamental distinction 
between episteme and techne, that is, between “pure” and “applied” 
science. The emphasis in the pure science being on demonstration; and 
in applied science, on problem solving. For example, they distinguished 
between geometry, dealing with extended figures, and geodesy, or 
geometry applied to practical problems, such as land surveying, or 
designing cylindrical wells, or altars and temples. Similarly, they made 
a distinction between arithme, the science of numbers, апа logistike, 
the application of arithmetics to the solution of concrete problems, such 
as how to count cattle, or the yield of crops. 

This distinction between the pure and the applied, so common today, 
marked a turning point in this history of our culture, for it made possible, 
among other things, the disciplining and the systematic development 
of speculative thought. This, I think, holds the key to the remarkable 
achievements of Western civilization. | 

Having distinguished clearly the domains of pure and applied knowl- 
edge, the Greeks were able to transform the empirical rules of thumb 
they got from the Ancients into scientific propositions. Not content to 
know that certain formulae were empirically true, i.e., useful in some 
applications—formulae such 3° + 42 = 5*-they also wanted to know 
why they were true at all. Once the question had been raised, the great 
merit of the Greeks is to have resisted the temptation of primitive 
People and to have shunned successfully all answers that smacked of 
the occult, the magical, or the mythical, and to have relied on rational 
Processes, namely on deductive inferences, thereby introducing the 


theory of demonstration. 


t, if not all, of this 


ve recognized early the principal ele- 
d to have paid due attention 
geometrical discourse were 


The Greeks seem to ha 
ments of the theory of demonstration an 
to them. For example, all demonstrations in 
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to be done exclusively by means of the so-called “Euclidean tools’— 
the ungraduated straight edge and the compass with fixed opening. 
Furthermore, both the ruler and the compass had to remain on the plane 
of the figure at all times during construction. These requirements, which 
may seem to be unduly restrictive to the untrained, are in fact the rules 
of transformation, or deductive axioms of the system. These rules are 
responsible for the fact that the quadrature of the circle is insoluble 
on Euclidean terms. The Greeks, however, knew that it could be done 
otherwise; for example, by means of Archimedes’ spiral, or by means 
of the earlier method of Hippias of Elis, that of the tetratrix (495 в.с.). 
Such was also the case with the trisection of an angle or of the doubling 
of the cube, which cannot be solved in Euclidean terms, but require, 
for their solution, transcendental, і.е., non-algebraic curves. 

From the foregoing examples, it is clear that the “truth value” of the 
scientific proposition is, in some sense, relative to the means of “truth- 
determination.” Another important feature of the theory of demonstration 
that the Greeks recognized early is that all deductive inferences are 
essentially conditionals—‘“if . . . then . . .” propositions. This means that 
all theorems (і.е., true propositions) are such relative to given assump- 
tions or postulates which are, as it were, the foundations of the whole 
system. 

This hypothetico-deductive conception of scientific discourse, inherited 
from the Hellenistic period, was seriously threatened by the discovery 
of the paradoxes that were implicit in the theory of sets as developed by 
Cantor, and the work of Richard, Frege, and others. The paradox is to 
deductive science what heresy is to dogmatic theology; that is, a catas- 
trophe. The paradoxes presented a danger because they were contradic- 
tions that had been derived in orthodox ways from the premises or 
axioms of the system. The question that presented itself was this, “How 
do we know that all other branches of mathematical science, which up 
to now have been taken as models of scientific rigor and as patterns 
for scientific inferences, are not to yield self-contradictory theorems in 
the course of their development?” 

The deductive method is seen to be operative between two kinds 
of propositions; namely, those that are descriptive of the empirical 
world—henceforward symbolized as “p,” and those that are primitive 
to the deductive system, namely the postulates, axioms, and principles, 
that constitute, when collectively considered, the hypothesis (or theory ) 
from which the empirical propositions p are derived. Let the hypothesis, 
so considered, be referred to, if need be, as H. Then the deductive 
method can be symbolized as H= p. 

Because of its inherent simplicity due in large part to the logical 
mechanism underlying it, the hypothetico-deductive aspects of scientific 
discourse were early discovered, long understood, and widely applied. 
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One of the most important tests of scientific theories has always been 
their predictive (and retrodictive) powers; the possibility they gave to 
infer deductive propositions descriptive of new or anticipated states of 
affairs (and past ones as well). In the first type of prediction, one could 
include, for example, the bending of light rays in gravitational fields, 
the increase of mass with velocity, or the dilatation of time as velocity 
increases, which served as tests of the Theory of Relativity. Of the 
second kind of prediction—anticipation—the best test is no doubt pro- 
vided by the ever-increasing success of applied science in general and 
of technology in particular. 

There is, however, another significant aspect of scientific activity that 
is not accounted for by the deductive method and that is best brought 
out by contrast with it. Granted that H and p are connected deductively, 
the questions present themselves: How do we get p in the first place, 
and, having found p, how do we get to H, the hypothesis that justifies p 
theoretically? For instance, having made numerous observations on the 
position of Mars at various times—such as were made by Tycho Brahe 
—how does one come to formulate a proposition descriptive of the orbit 
of Mars around the sun as elliptical? And having got it, as Kepler did, 
how does one get to the formulation of a theory—such as that of a 
central force field of the inverse square type that will account for the 
motion of Mars, and of planets in general? These two questions, that 
lly grouped together under the head- 


are in some ways related, are usua 
then, that I shall now 


ing of the problem of discovery. It is to this, 
turn my attention. 


That the problem is an important one is evident to even the 
most casual observer. Francis Bacon, one of the modern founders of 
empirical philosophy, saw it well when he set out to develop a new 
kind of logic of an inductive sort that would render the art of discovery 
of empirical propositions as independent of the wits of man as the 
compass had made the drawing of a circle independent of his drafting 
skills. Even now, attempts are being made, to at least describe, if not 
prescribe, the way in which discoveries are made. N. R. Hanson, in 
this country, is probably the best known of the advocates of a retroduc- 
tive inference pattern. If such a logic could be found, we would be in 
the (supposedly enviable) position to “program” discoveries апа break- 
throughs the way we now program problems in computers. Then 
scientific research could be considerably simplified, as well as made 
cheaper, and, more important perhaps, made predictable. It is not too 
difficult to imagine the far-reaching consequences, social and political 
among them, that such a logic would entail. 

Despite these attempts, the fact remains that a logic of discovery is 
still in the domain of fancy and is likely to remain there until some 
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prior problems are successfully analysed into simpler questions amenable 
to scientific treatment. I should like to indicate briefly the nature of 
these prior problems. 

The best way to do this, perhaps, is to take some paradigmatic case 
that I hope will point to the salient features of the problem of discovery. 
First, let us consider some of the significant characteristics of so-called 
scientific facts. Let us imagine, for a moment, that on a hilltop watching 
the sun rise one bright morning, stand Kepler and his master, Tycho 
Brahe. Imagine further that, seeing them there, you ascend the hill and, 
upon joining the two astronomers, you inquire of them what it is they 
are seeing that so enthralls them. Tycho Brahe might answer something 
like “I am watching the rise of the Earth’s largest satellite.” Kepler, for 
his part, might say that “the earth, having completed one full rotation 
since yesterday morning,” he is “watching the sinking eastern horizon 
bring the sun back into view”! On hearing such conflicting reports, you 
may wonder aloud, “How is it, gentlemen, that observing the same sun 
over the same horizon at the same time, you claim to see different 
things, so that, if one were so inclined, one could, with little effort, 
exhibit the contradiction of your two statements. Surely one of you, at 
the least, must be in error. Do tell me, what evidence do you take as 
warrant for what you say you see?” To this Tycho might reply by 
noting that any one who is not hopelessly blind will observe the increas- 
ing distance between the line of horizon and the solar disk, as well as 
the continued ascension of the sun, till it reaches zenith overhead, and 
its subsequent decline in the occident, and ultimate disappearance 
beyond the western horizon; and that the “facts” speak for themselves, 
most eloquently to the unprejudiced mind. And that, furthermore, the 
motion of the stars in the night sky, as well as that of the moon, and 
the observed stability of the earth, all go to support the reasonableness, 
nay, the self-evidence of his statement about the sunrise. 

It then being the turn of Kepler, he will no doubt appeal to the same 
“facts,” these being the only ones available, to support the reasonableness 
of his view, and the error of his teacher’s, not to mention his stubborn 
refusal to see the world as it really is. I think it is evident, that so long 
as the discussion remains confined to “facts,” meaning to what is the 
case, no resolution of this divergence is to be expected. 

The point of this imaginary dialogue is threefold. First, it shows that 
“ordinary facts,” or data, such as those appealed to above by the pro- 
tagonists, do not “speak for themselves,” as a naive realism bids us 
believe. Ordinary facts are quite neutral, they point neither to this nor 
to that interpretation, they simply are. Second, it shows that scientific 
facts, such as those asserted by Brahe and Kepler, are really interpre- 
tations of the data, that is, of the ordinary facts available to all. Third, 
it shows that the interpretation of the data reflects a certain way of 
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looking at the world, that is, a perspective that orders the givens of 
experience in one way rather than in some other. The scientific facts are 
perspectival, reflecting, as it were, the light of intelligence that illumi- 
nates them. The disagreement between Brahe and Kepler is not of what 
the givens of experience are (presumably, their eyes see the same 
things, the solar disk, the line of horizon, the increasing distance be- 
tween the two). Rather, the disagreement is on the ordering principle 
for these givens, that is, ultimately, on the perspective in which they 
are viewed. Brahe looking at the sun rise as a geocentrist, and Kepler 
as a heliocentrist. The difference between the two astronomers is not 
centered on what they see in a physiological sense, but rather on what 
they see it as. 

This perspectival aspect of scientific facts is central to the problem of 
discovery, as it is to the whole theory of empirical knowledge. The 
most fundamental discoveries have been those of new points of view, 
or perspectives, in which the world appears in a new light. Newton 
somewhere remarks that, if he saw farther than others, it was because 
he stood on the shoulders of giants. This statement I take as an indica- 
tion of intellectual modesty rather than as descriptive of his most note- 
worthy achievement. For the greatness of Newton is not that he saw 
more facts, but that he saw new kinds of facts: indeed, that he taught 
us to look at the world in new ways that revealed unsuspected features. 
Lots of people had seen the proverbial apple fall in the innumerable 
orchards that have dotted the face of the earth up to Newton's time, 
but when he exclaimed, in the presence of that falling fruit, “Gravity 
strikes again,” he revealed not so much a fact, as a new way of looking 
at the world, What I said about Newton can be said, with equal justice, 
about Darwin, Mendel, Planck, Einstein, Freud, and others, for after 
them, science could no longer be done in the same way as it was before. 
Something radical had changed, and it was not the world (which I 
don’t think worries over much about what we think of it) but rather 


our conception of it. 


It is clear, I think, from what I have said so far, that our perspective 


determines to a large extent what we see the world as, and therefore, 
what the scientific facts are. Indirectly, it also determines what are our 
theories that account for those facts. Consequently, a logic of discovery, 
to be of real use, should give the means to discover a multiplicity of 
viewpoints that would reveal many new aspects of our experience. 
Unfortunately, we are very far from understanding the mechanism that 
is responsible for these perspectival mutations, although we understand 
some of the factors that enter into them. Assuming the time to be ripe 
for such a mutation, what is responsible for an Einstein? Why is it, for 
example, that Einstein, and not Lorentz, or Poincaré, originated the 
Theory of Relativity, and, more important, the idea of it. After all, the 
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fundamental equations are due in large part to Lorentz, but he didn’t 
see them in that light. Perhaps, as K. R. Popper has suggested, we should 
not raise the question of a logic of discovery in the context of perspec- 
tive, but rather, should inquire into the psychology of discovery. But 
to seek an answer in psychology is, I feel, to seek an explication of 
obscurum per obscuris. Be this as it may, the problem is at present 
insuperable. 

Let us now return to the “facts.” The perspective is manifested in 
the facts that it reveals. The discovery of new facts will then be a 
question of looking, and ultimately, of the means of observation. 

There was a time not so long ago when it was customary to make 
a distinction between observation and experimentation, the former being 
a sort of passive way of looking, while the latter was conceived as a 
sort of active probing, a forcing of nature into “unnatural” postures. 
What was simply observed was thought to be the case independently 
of the observer, the facts were taken to have a sort of reality of their 
own, which required, for their discovery, that the scientist be merely 
observant. 

After the advent of relativity, which underlined the determining role 
of the observer in the form that the observables take, it became clear 
that the observables themselves were not only conditioned in some way 
by the means of observation, but actually generated by them. In other 
words, it was found that observables are relative to the means of 
observation, both in form and content, and that it makes no sense to 
talk as if they led a sort of private life, independently of the apparatus. 
Thus, the alleged difference between observation and experimentation 
ceased to have any significance. 

From this fact of the dependence of observables upon the means of 
observation—for example, of spectra on spectroscopes—it follows that 
new facts may be discovered in two ways. Either there are devised 
some new means of observation that yield new facts (such as a syn- 
chrocyclotron, yielding a beam of polarized antiprotons ), or else existing 
means of observation yield unexpected results (such as the finding of 
the spectrum of some new element). Such discoveries are obviously 
bound up ultimately with the development of theories and hypotheses. 
This linkage has been recognized very early, and we have a logic of 
sorts that describes it—the so-called scientific method. However, and 
this is important, the scientific method—or the logic of science, as it is 
sometimes called—does not provide us with a logic of discovery of either 
facts or theories, although it gives us the methodological criteria that 
such discoveries, once made, must satisfy. 

This brings us to the last aspect of discovery that I wish to discuss; 
namely, the framing of hypotheses and the concomitant problem of the 
design of experimental set-ups that are circumscribed by such hypoth- 
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eses. It is clear that hypotheses are framed within the general perspec- 
tive that defines the facts, since the purpose of theories is to describe 
the facts as well as to correlate and order their descriptions in such a 
way as to obtain an organic unity for the multiplicity of empirical 
descriptions. Without going into details, which would take us too far 
afield, I shall simply outline a few points that are relevant to the ques- 


tion at hand. 


1. New theories or hypotheses, in the context of a given per- 
spective, are largely determined by old theories that have ceased to be 
satisfactory. This is due, in large part, to the fact that we always 
approach the unknown with what is familiar. This is borne out by the 
history of science, which presents an evolutionary, rather than a revolu- 
tionary, picture of the development of theories, leaving aside the dis- 
continuities presented by the occasional change of perspective. 


2. The form of the theories is largely determined by a series 
which are often of a cultural rather than of a 


of а priori notions, 
assume that nature is essentially 


scientific nature. For example, we 
thrifty, or economical, and that, of several ways of achieving a given 
effect, the cheapest one, energetically speaking, is to be realized. Such 
assumptions find expression in the so-called minima principles, which 
are really extrema principles, such as Hamilton's and Fermat's. Such 
considerations of economy led Gell-Mann, for instance, to postulate the 
“strangeness quantum number” to account for the fact that іп т ion 
proton interactions, certain “expensive” reactions took place, instead of 


cheaper ones. 

3. Last, but most importantly, a new theory will be conditioned, 
if not actually determined, by the availability of an adequate formalism 
to express it, Even if Galileo had had the idea of universal gravitation, 
he couldn’t have discovered the Cravitational Theory, because the only 
mathematics at his disposal was the geometry of Euclid. Even Newton 
couldn’t have invented his calculus of fluxions if he hadn't had at his 
disposal the analytical geometry of Descartes, in addition to the more 
ancient forms of mathematics. 
rse, the outline of a logic of discovery 
logic in existence. But they point to 
be faced prior to the development of 


These few points are not, of cou 
for hypotheses. There is no such 
some of the problems that must 
such a logic, assuming it to be possible. 
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Educational Objectives 
and the Development of Curricula 


There may be teachers who can walk into a classroom and 
intuitively, without needing formally to state any objectives, lead their 
students to understand and apply the processes of science. These people 
would be the born teachers we sometimes hear about. I cannot think of 
many teachers I have seen who fall into this category. Generally speak- 
ing, teachers need to plan carefully and to state precisely how they 
expect their students to perform when а lesson or unit of study has been 
completed. Careful statement of objectives has been made a major 
theme of this book, and the articles in the following section will serve 
to amplify, illustrate, and supplement some of the things I have sug- 
gested in Part One. 

The detailed planning of curricula may веет to the ordinary teacher 
to be out of his hands. Yet most of the modern experimental science 
curricula have involved large numbers of ordinary classroom teachers. 
More local schools systems are recognizing the importance of including 
local teachers in curriculum planning. Furthermore, the open, relatively 
unstructured nature of many of the new national science curricula 
(BSCS biology, PSSC physics, CBA and CHEMStudy chemistry, ESCP 
earth science, etc.) require much creative day-to-day curriculum plan- 
ning on the part of the teacher who wishes to use the materials effec- 
tively. Every teacher should think of himself as a curriculum planner 
and should develop firm ideas of his own on both science content and 
skills that should be learned at all levels within his local system. If he 
has such ideas and can state his objectives in convincing terms, he will 
find that creative curriculum supervisors will begin to listen to him and 
use his ideas. 
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Learning and Motivation: 
Implications for the 
Teaching of Science* 


Walter B. Waetjen 


Educators find it difficult to talk about learning. What makes it 
difficult is that we do not know whether school learning is the same as 
nonschool learning; nor do we know whether problem solving in tests 
is the same as problem solving in nontest situations. In like manner, we 
have little knowledge as to whether learning in one curriculum area is 
similar to, or different from, learning in another curriculum area. Nev- 
ertheless, every person who is a teacher, using the word in a broad 
sense, goes about his daily activities trying to help individuals to learn. 
But the educator is interested not only in learning, he is equally inter- 
ested in motivation. 

When a teacher asks himself the question, “What motivated this 
pupil’s behavior,” he is asking to have identified one or several of three 
different things. The first of these is an environmental determinant which 
caused the behavior to occur. This could be the pressure of a parent to 
have his child learn, a provocative bulletin board display in the class- 
room, or a well-presented demonstration by the teacher. Second, it may 
be an internal instinct, want, desire, aspiration, plan, motive, purpose, 
urge, feeling, wish, or drive which precipitated the behavior. Third, it 
may be the goal which either attracted the learner or repelled him. Thus, 
we can see that when we raise questions about the motivation of pupils, 
We are not asking easy questions. The complexity of the questions has 

vation. It is unfortunate that 


given rise to a number of theories of moti 
teachers and curriculum developers seem to subscribe to none. In order 


that this discourse not fall into the same trap, a theory of motivation will 
be presented; but prior to that we shall make explicit our use of the 


term “motivation.” 


For the purposes of this paper we shall define motivation as the 


°Reprinted from The Science Teacher, V. 32, No. 5, May, 1965, pp. 22-26. 


©, by permission. 
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process of arousing action, sustaining the activity in progress, and regu- 
lating the pattern of activity. This definition makes it clear that there 
must be some mobilization of energy, and there must be continuous 
flow of activity in order to assure attainment of the goal. 

Fortunately, the picture is not wholly bleak, for there are some prin- 
ciples of learning and motivation that may be used by teachers in the 
organization of content and in their teaching. These principles have 
been derived from research on pupils in classroom settings and not from 
subhumans in laboratories. 


THE SEX ОЕ THE LEARNER 
Is A DETERMINANT OF His LEARNING 


It would be a rare educator who owned up to the fact that he 
did not believe in individual differences in learning. Strangely, these 
same educators are prone to overlook as a factor in learning one of the 
most basic differences in people—their sex. A thesis of this paper is 
that one’s sex is a powerful determinant of both learning and motivation. 
The evidence is eloquent in support of this thesis. 

It is patently clear that among the underachievers there are two to 
three times as many boys as there are girls; that there are at least four 
times as many boys as girls who are poor readers; and, that the general 
school progress of girls at all levels is superior to that of boys. These 
facts alone suggest that there be some effort made to ensure that school 
becomes a more significant experience for boys. Research studies indicate 
that even though boys and girls have identical scores on standardized 
biology tests, the teachers of those students in biology gave higher 
grades to the girls. This study has been replicated a number of times, 
and the findings may be generalized as follows: Even though male and 
female students have identical levels of achievement on standardized 
tests, teachers give higher grades to girls. [6] The sex composition of 
honor rolls and principals’ lists are mute testimony to the generalization. 

When one examines the skills possessed by pupils, it is obvious that 
girls have marked superiority over boys in the language area. Since 
school is essentially a verbal, symbolic, linguistic experience, it’s small 
wonder that girls do better than boys. On the other side of the ledger 
it can be reported that boys are somewhat better than girls in math and 
science. This slight superiority can be attributed to the fact that analyti- 
cal thinking is the cognitive skill that undergirds math and science. The 
skill in analytical thinking is associated with the greater aggressiveness 
of males. It is here that science teachers may play a significant role 
in the learning of all pupils, but especially boys by consciously struc- 
turing the teaching-learning situation so that analytical thinking is 
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brought into play. Butts demonstrated this when he used fourth-, fifth-, 
and sixth-grade children to determine whether they could combine 
discrete percepts into concepts without teacher help. [5] Clearly, this 
called for analytical thinking on the part of the learners. The finding 
of the study was that even when children are given free opportunity 
to experience certain science perceptions, meaningful concept develop- 
ment did not result. 

Finally, we are constrained to point out that males are superior to 
females in transfer of training. A study [9] investigating transfer of 
training gave evidence that previous experience, maturity, reading 
ability, and intelligence could not account for boys’ superior ability to 
transfer elements of one situation to a new situation. Presumably this 
superior transfer ability should enable males to perform at high levels, 
but yet, they do not. Transfer is seeing relationships, a skill which may 
be developed with great facility in science classrooms if teachers pro- 


vide opportunities. 


EPISTEMIC MOTIVATION 


In rather simple terms, epistemic motivation can be described 
as the drive individuals have to seek knowledge. For generations, 
teachers have described such knowledge-seeking pupils as “inquisitive” 
or “curious.” We prefer to use the term curiosity not only because it has 
been used by those who research this motive but because its simplicity 


communicates well. 

It is worth noting th 
but we are reassured by the 
curiosity have been done with school-age chil 
[11] 

Many investigations of curiosity, 
degree to which ambiguity is tolera 


at the study of curiosity is in its relative infancy, 
fact that some of the investigations of 
dren in schoo] situations. 


novelty, or uncertainty focus on the 
ble to the individual. This is reflected 
in the research done to determine the relation between qualitatively 
different types of environmental novelty and curiosity in children par 
One could say on the basis of findings that novelty generally уи 

Positive approach behavior. There was also a significant е е- 
tween the boys’ and girls’ performance. The girls were found to be more 
rigid and less curious than the boys. Apparently, rigidity and curiosity 


are negatively associated. 


A skeptic might raise the question as Е 
curiosity retain their knowledge after it has once been learned. Maw 


and Maw [10] addressed themselves to such a question in a study using 
approximately 800 fifth-grade children as subjects. In this study, it was 
hypothesized that retention is related, at least in part, to the level of 


s to whether children with high 
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curiosity children have about their environment. Children high and 
low in curiosity were identified, using teacher and peer judgments. The 
children were given copies of a story which was a collection of strange 
but true facts, mostly about animal subjects. As far as the children were 
concerned the experience ended with the experimentor asking if they 
had liked the story and the one thing they liked best about it. Seven 
days later, a 40-item true-false test was given the pupils. Tests of sig- 
nificance showed that in every case the difference between the means 
of the groups was highly significant and always favored the high curi- 
osity group. 

The evidence from this study seems to indicate that children with a 
high level of curiosity either learn more in a given period of time, or, 
they retain more of what they experience. It matters little whether there 
was more learning or greater retention. What is important is that chil- 
dren of comparable intelligence, but differing in curiosity, performed 
differently in the learning situation. 

The research on curiosity does not have immediate recommendations 
as to how the teacher may improve his instruction; but, certain tech- 
niques used in the conduct of research sometimes suggest ways in which 
teaching might be altered so as to improve learning of students. One 
such suggestion emerges from a study [4] which sought to determine 
the effects of prequestioning on learning and curiosity. An experimental 
group of 24 high school biology students received a questionnaire about 
invertebrate animals, prior to any other information about the animals. 
A control group did not receive the same forequestionnaire, The 12 
animals consisted of 8 familiar and 4 unfamiliar, of which 2 of the 
latter were fictitious. Following this, both the experimental and control 
groups were given 120-word paragraphs describing the animals (infor- 
mation input). After the word paragraphs had been read, a 48-item 
test was given each subject. The test was constructed in such a way 
that the subjects answered either that they were certain of the answer 
from previous knowledge or that they were surprised. 

It was hypothesized that the experimental group would learn more 
effectively and would recall more answers than would the control group, 
because their curiosity would be aroused by the forequestionnaire. The 
findings support this hypothesis inasmuch as the experimental group 
made 32.41 correct responses on the post-test and the control group 
made 27.15 correct responses. The difference in these was significant 
at the .01 level of probability. Apparently, the prequestions did arouse 
curiosity, and the surprising statements were more likely to be recalled 
as answers in the post-test than were other statements. The preques- 
tioning apparently “tuned” the organism by arousing curiosity which, 
in turn, predisposed it toward acquisition of information, 

It is not beside the point to raise the question as to whether pupils 
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who have formulated “hypotheses” in their cognitive structure are not 
also seekers of knowledge, i.e., they have epistemic motivation. Atkin’s 
[1] analysis of the development of selected aspects of problem solving 
revealed that elementary school children tend to express hypotheses of 
their own after science learning experiences. The study was based on an 
analysis of tape recordings of children in grades 1, 3, and 6. Atkin found 
that children in the lower grades relied more on their own experience 
in formulating hypotheses, while those in the upper grades depended 
more on authority. Children in lower grades suggested more tests and 
indicated more needed data for their hypotheses than did upper grade 
children. Children in “permissive” classrooms (more freedom to seek 


knowledge?) tended to suggest more hypotheses than did children in 
s. In short, knowledge-seeking skills are inti- 


less permissive classroom 
tuation the teacher creates. 


mately related to the type of classroom si 


LEARNING AND TEACHING 


In the process of growing-up and experiencing, a child has 
тапу contacts with varied aspects of his environment. These “contacts” 
become incorporated into the cognitive structure that the teacher tries 
to develop by teaching the curriculum content. When a teacher gives 
a demonstration, has youngsters work on projects, shows a film, or gives 
а lecture, he is attempting to introduce information into the cognitive 
structure of the youngsters. It seems clear, then, that teachers must be 
knowledgeable about the functioning of the cognitive structure since 
this strikes at the heart of the dynamics of learning and motivation. 

A person uses his cognitive map to make predictions from the past 
to the present. For example, а pupil uses his previous experience with 
teachers and classrooms to make predictions about the classroom which 
he has just entered. In so doing he assumes the present environment to 
зе identical to, or highly similar to, what it was in the past. Ordinarily, 
this is a good assumption and benefits the pupil since his expectancies 
Permit him to make optimal use of both time and intellectual resources. 
What must be emphasized is that the pupil is actually making hypoth- 
eses about the stimuli he will be receiving. Sometimes the environment 
has changed in relatively important ways and hypotheses are not fulfilled. 

It is entirely probable that the learner doesn’t expect or anticipate 
that the present situation will be i al to those of the past. A young 


identic: 
child may make such predictions 


from his cognitive structure, but with 
increased experience he would anticipate some difference. Thus, the 
ially an experiential m 


anticipation of change is parti jenti atter. The pupil faces 
the present situation, then, with two anticipations: [1] the environment 


will be, in the main comparable to what it was in the past, and 
; 
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[2] there will be change in the environment. As experience accumu- 
lates, it is probable that the child savors the novelty of change in the 
environment and this becomes the basis for epistemic behavior. 

It is not too uncommon to find teachers who assume that they are 
able to transmit curriculum content to the cognitive structure of a pupil. 
This assumption means that we can teach directly, that nothing inter- 
venes beween what the teacher teaches and what the learner learns. 
It is believed that if the teacher makes the curriculum content “inter- 
esting” by a few audiovisual devices or by introducing a note of excite- 
ment into his voice, the students will be motivated to learn. To make 
such assumptions means that we minimize strategic individual differ- 
ences as factors in learning rather than maximize them. 

If the material to be taught to youngsters is already similar to, or 
contained in, their existing cognitive structure, learning is not facilitated. 
This is portrayed in Figure 1. Curriculum content and the instructional 


Figure 1. 
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methods (indicated by the arrows) are designed to communicate to the 
youngster. In the event the curriculum content is already known to the 
youngster or is inconsequential to him, there is little behavior elicited 
from the learner himself. For the learner, such a situation is extremely 
lacking and probably devoid of meaningful content. Instead of engaging 
in learning activity, it is more likely that nonproductive verbal behavior 
will increase, that motor activity of a random nature will increase, and 
that the person will become increasingly unable to give attention to 
specific ideas or tasks. 

In this instance, there is practically 100 per cent match between what 
the teacher is attempting to teach and the pre-existing content of the 
cognitive map. In such situations, learning is not enhanced. As a matter 
of fact, that situation which we shall call the 100 per cent match situa- 
tion is indeed an enemy to learning. The type of behavior elicited from 
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the learner is not learning behavior but is random and nonproductive 
їп nature. 

Figure 2 portrays a different state of affairs in which there is, for the 
most part, a match between the curriculum content (including the in- 
structional procedures) and the cognitive structure of the learners. Since 
there is a generous portion of match between these two elements, it 
means that the youngster is familiar with the material or the situation 
because it fits into his predictions. On the other hand, there is also 
some degree of “mismatch,” meaning there are some elements of either 
the content or the instructional procedure which the learner does not 
know and did not predict. This is a dissonant situation which results 
in arousal of conflict with a consequent need for the learner to assimilate 
or articulate the unknown, incongruous, ог unfamiliar material into his 
cognitive structure. [7] To do this, he engages in exploratory behavior. 
Exploratory behavior, as it is being used here, means that the learner 
Scans the classroom looking for new experiences and materials, Like- 
wise, it means that the learner avoids the more familiar aspects of the 
classroom, There is an increase in the type of verbal activity which 
evokes information from other people. In this condition the learner is 
а seeker of knowledge. It would be improper to believe that all young- 
sters who are in the motivated condition engage in similar exploratory 
behaviors. We must recognize that the modes or strategies by which 
youngsters seek information and by which they process it into the cog- 
nitive structure are unique. 

We emphasize that this is an individu 

One implication of this discussion is: 
examine the matter of who asks questions in 


al difference in learning. 
Teachers can begin to re- 
the classroom and the type 


of questions asked. е | 
Occasionally a teacher will attempt to get pupils to learn something 
ly new and different 


У presenting them with a vast array of entire с 
inds of material. Literally, the learners are bombarded with new 


stimuli, The teacher is rather chagrined to find that the learners do not 
Tespond as anticipated and may even resist this seemingly rich learning 
environment, In this instance there is great mismatch between the 
learners’ predictions and the material with which they came in contact. 

igure 3 portrays the two things which eventuate when a great amount 
of mismatch occurs. In either case, the information is unassimilated and 


Usually is held in a context of anxiety. The learner is aware that he 
iculum content with his present 


Should be able to articulate the curri 

Nowledge, but he is equally sensitive to the fact that he cannot do $0; 
and, therefore, he becomes anxious about the matter. To cope with this 
Situation, the learner may engage їп а variety of withdrawing behaviors. 
Te may withdraw from the conceptual material by being a gross dilet- 
tante in work production or by daydreaming to excess. On the other 
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hand, he may physically withdraw by virtue of cutting classes or being 
a truant. 

The second way of handling unassimilated information is more insid- 
ious and should cause teachers to be introspective. In this instance the 
learner abandons his usual strategies for admitting information to his 
cognitive domain. In abandoning these strategies, he lowers his standards 
for admission of information into the cognitive structure. Instead of 
integrating simple facts into higher levels of organization, the individual 
holds them at a lower level. This person can be thought of as having 
a learning disability, for good learning involves orchestrating simple 
acts or relatively simple ideas into higher and more complex acts or 
ideas. What is unfortunate about this type of learner is that he is often 
judged to be at least an adequate and possibly a good learner, because 
he is able to retain facts even though not able to integrate them within 
the cognitive structure. When tests measure only the studenť’s ability 
to retrieve data at the factual level, these students are erroneously 
perceived as progressing well even though they cannot be said to be 
effective learners. By lowering the standards for admission of informa- 
tion to their cognitive structure, they have at once put themselves in a 
position where they are functioning at a much lower level in their 
learning. 

If the cognitive structure were unorganized, it would be a veritable 
psychological junkyard or collection of facts. While in certain cases this 
may indeed be true, in the majority of cases it is untrue. A recent 
theory of learning [2] indicates that the cognitive structure is organized 
in terms of highly generalized concepts under which are subsumed 
concepts of a less generalized nature as well as individual or specific 
facts. This is sometimes referred to as the subsumption theory of learn- 
ing. It draws on the learner's past experience and mobilizes existing knowl- 
edge to facilitate learning of new material. The major organizational prin- 
ciple of the cognitive structure, in other words, is that of progressive dif- 
ferentiation of a body of knowledge from areas of greater generality to 
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lesser generality. However, each area is linked to the next higher step in a 
hierarchy through a process of subsumption. These levels or areas are not 
necessarily deductively related, that is, one is not necessarily derivable 
from the other. The relationship is rather similar to a filing system or an 
outline in that one concept is included within another more general one. 

If this theory does indeed describe the way in which a student learns 
new material, then teachers have reason to organize their teaching in 
such a way that they are confident their students possess in their cogni- 
tive structures highly general concepts under which they may include 
or subsume new material. These so-called general elements or concepts 
may be referred to as “advance organizers.” An advance organizer is 
introductory material that is structured at a higher level of generality, 


abstraction, and inclusiveness, than the learning material it introduces. 
as used as an advance organizer, for a 


In a recent experiment there wa 
lesson dealing with metallurgical properties of carbon steel, a passage 
and similarities between 


placing emphasis on the major differences 
metals and alloys. It was found that this material was effective in 
anchoring the content of the lesson. [3] According to this theory, ad- 
vance organizers are of two types. An expository organizer is used to 
introduce totally unfamiliar material. Its function is simply, but impor- 
tantly, that of providing an anchorage for the learning material that is 
to be presented to the learner. It is here that we must come back to 
Figure 3 in which there was described the way in which some learners 
lower the standards for admission of material into the cognitive struc- 
ture. If a learner has no anchorage in his cognitive structure for new 
learning material, then he tends to admit the new material at a straight 
and discretely factual level. That is to say, he has no ideational anchor 
Ог point to which the new material may be related. 

The second kind of organizer might be called comparative in nature. 
A comparative organizer is used to introduce material that can be re- 


lated to previously learned material. Not only does it provide anchorage 
for the material to be learned but it 


attempts to increase the discrim- 
inability between the new ideas to be learned and previously learned 
ideas. It does this by explicitly delineating at a higher level of abstrac- 
tion, generality, a inclusiveness the principal similarities and differ- 
ences between the two sets of ideas. It can thus be seen that the 
Comparative organizer enables a person to use his cognitive structure 
dynamically. He can develop new organizations and new hierarchies 
by virtue of exercising the comparative organizing capacity. This is in 
contrast to the expository organizer wherein a person might well say 
that if this were the only type of organizer, the resulting cognitive 
structure would be rather static in its organization. Both expository and 
Comparative organizers are formulated in terms of concepts and propo- 


sitions that are familiar to the learner. 


A study by Fonsworth [8] illustrates the way in which reflection or 
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mediation organizes the cognitive domain. The “reflective thinking” 
approach in chemistry was compared with teaching procedures that 
emphasized acquisition of facts and principles. 

It was concluded that the reflective thinking approach resulted in 
significant gains by students with regard to (a) growth in mental 
ability, (b) application of abilities required in critical thinking, and 
(с) use of scientific method in solving chemistry problems. Students 
in both experimental and control groups made significant gains in the 
acquisition of facts and principles. 


SUMMARY AND IMPLICATIONS 


Science is a strategic curriculum area in terms of the learning of 
all pupils, for science content gives children a “lever” on manipulating 
and understanding their environment. It can be an especially strategic 
area of learning for boy students since science subjects afford boys the 
opportunity to use their skills in analytical thinking. However, there is 
no inherent use of analytical thinking skills in science except to the 
degree that the teacher provides the opportunity. The burden of re- 
sponsibility falls upon the teacher for understanding the differing ways 
in which the sexes learn and on these bases to differentiate his instruc- 
tion accordingly. 

Evidence indicates that we can create epistemic motivation (curiosity ) 
by a variety of techniques. One of these is to employ prequestioning 
before a unit of instruction is begun. The prequestioning apparently 
“tunes” the pupil so that he is searching for further information when 
the unit is ultimately introduced. The type question which is used is 
important and will be discussed later. 

Effective learning occurs when the classroom situation is one which, 
in the main, is predictable and familiar to the Іеагпег but which contains 
a slight amount of mismatch or dissonance. This causes the learner to 
seek information which allows him to fit the dissonant ideas or concepts 
into his cognitive structure, Thus, a teacher needs to be skilled in 
knowing how much novelty or dissonance is necessary and how much 
is too much. But structures of any kind can only be built if some things 
are dependent upon other things; if some elements are tied into other 
elements. The cognitive structure is no exception. The teacher can help 
learners to build this structure by advancing organizers, i.e., elucidating 
or presenting a concept before its subsumed facts are taught. Equally 
as important is that the learners need opportunity to reflect on the rela- 
tionship between organizer and facts. 

The types of questions teachers use to structure the teaching skills 
play an important role in (1) the kinds of thinking skills learners 
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employ, (2) the range of information to be covered, and (3) the think- 
ing skills they may learn. The following are types of questions that may 
focus, extend or lift the thinking skills of pupils. 

Questions that develop memory skills. These questions call for the 
lowest level of cognition or thinking. Unfortunately, most questions 
asked by teachers are of this type. A good example is, “What is the 
speed of light?” Such questions give focus since they require students 
to state, describe, report, or define. 

Questions that develop grouping or categorizing skills. These questions 
require a student to use higher cognitive skills such as classifying, 
comparing, contrasting, or substituting. In this respect they extend the 
subject under consideration. Example: “What is a property of 2 of the 
following 4 that is not a property of the other 2?” 

Nitrogen—nitric acid—helium—hydrochloric acid 

Questions that develop skills in interpreting information and making 
inferences. A higher level of thinking skill is required when one engages 
in a transformation of information from one situation to another. Ques- 
tions of that type lift the level of cognition required for treating the 
subject being considered. Example: “What position might Herbert 
Hoover take with respect to federal aid to education were he now 
President?” Aspects of one situation are transformed to another. 

Questions that develop skills in predicting consequences. With this 
type question the pupil is given an independent variable, a situation, 
and is then asked to predict the dependent variable or consequence. 
Example: “If sulfuric acid is a dehydrating agent, then what elements 
will it remove from wood?” It is important that the pupil repeat the 


“if” part of the question and then give the correct “then” portion. This 


type question lifts the level of cognition. 
Unless a teacher is consciously aware 0 

on students of science he is not unlike the hunter who fires his gun 

vhere the target is nor does he know where 


f the impact of his questions 


into the dark, he knows not v 
his shots fall. 
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Levels of Performance in Teaching 


Fred W. Fox 


in science programs are being received 
Teachers feel that good science is being 
taught, and in addition there is the satisfaction to students and teachers 
alike that the courses are intellectually stimulating. One is taught to 
think as well as to learn about the world of nature. Even apart from 
“the new programs” any teacher gains satisfaction from moving his 
teaching from the end of the spectrum which demands rote learning, 
imitation, or repetition of facts presented, to the other end which pro- 

motes critical thought and analysis, discovery, or creativity. 
At which end of the spectrum do we as teachers perform or expect 
our students to perform? Are we satisfied to teach as we were taught, 
and imaginatively according 


or do we use our teaching abilities uniquely 
to our personal and community resources and the special needs of our 


students? Do students sit at their desks day in and day out simply giving 
back to us what is in their texts, or are they investigating with materials 
and equipment, testing, gathering data, making judgments, predicting, 
and discovering? What is the level of performance in our classes? 

One of the most imaginative and striking analyses by which we may 
quickly judge our teaching has been devised by James M. Bradfield 
and Н. Stewart Moredock.’ It is titled “Levels of Performance” for this 


discussion. Look at the outline on page 194 and ask yourself: At which 
level do I expect my students to perform? és 

It has been the writers experience that both practicing teachers and 
teachers in training have been caught up by Bradfield and Moredock’s 


New developments 
generally with enthusiasm. 


Reprinted from The Science Teacher, V. 32, No. 4, April, 1965, pp. 31-32. 
„ by permission. 
James М. Bradfield and Н. Stewar 
ation in Education. The Macmillan Company, 


by permission. 


t Moredock. Measurement and Evalu- 
New York. 1957. p. 204. Quoted 
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LEVELS OF PERFORMANCE 


LEVEL PERFORMANCE 
I. Imitating, duplicating, repeating. 

This is the level of initial contact. Student can repeat or dupli- 
cate what has just been said, done, or read. Indicates that student 
is at least conscious or aware of contact with a particular concept 
or process. 

П. Level I, plus recognizing, identifying, remembering, recalling, 
classifying. 

To perform on this level, the student must be able to recognize 
or identify the concept or process when encountered later, or to 
remember or recall the essential features of the concept or process. 

ПІ. Levels I and II, plus comparing, relating, discriminating, reformu- 
lating, illustrating. 

Here the student can compare and relate this concept or process 
with other concepts or processes and make discriminations. He 
can formulate in his own words a definition, and he can illustrate 
or give examples. 

IV. Levels I, II, and ПІ, plus explaining, justifying, predicting, esti- 
mating, interpreting, making critical judgments, drawing inferences. 

On the basis of his understanding of a concept or process, he 
can make explanations, give reasons, make predictions, interpret, 
estimate, or make critical judgments. This performance represents 
a high level of understanding. 

Levels I, П, Ш, and IV, plus creating, discovering, reorganizing, 
formulating new hypotheses, new questions and problems. 

This is the level of original and productive thinking. The stu- 
dent’s understanding has developed to such a point that he can 
make discoveries that are new to him and can restructure and 


reorganize his knowledge on the basis of his new discoveries and 
new insights, 


Imaginative ordering of potential classroom experiences. Science teach- 
ers who have studied the analysis have suggested a variety of implica- 
tions for their teaching. Some of these follow: 


“LEVELS ОЕ PERFORMANCE” 
USES For THE ANALYSIS 


l. Evaluation. The original 
formances Indicating Different Le 
Subject.” Thus the “levels” were to | 
against which to judge the work о 
say that our tests and examination: 
ties at Levels I and П. Bradfield 
we evaluate student performance 


authors entitled the outline as “Per- 
vels of Understanding of a Given 
ре considered as standards or criteria 
f our students. It is probably safe to 
s usually measure our students’ abili- 
and Moredock, of course, suggest that 
© on more data than are accumulated 
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through tests, quizzes, and examinations.? Our students work in the 
laboratory, enter discussions, prepare reports, read, and engage in a 
variety of activities beyond mere recitation (usually a Level I perform- 
ance) and test-taking. In using the “Levels of Performance” analysis in 
evaluation, key questions become: What sources of evidence of student 
performance are there for rendering teacher judgments, and how do I 
make a record of such evidence of student behavior? 


2. Goals for science teaching. It is quite apparent that we can- 
not evaluate student effort at the upper levels of performance if we 
never arrange for our students to operate there. Converting these levels 
of performance to teaching goals is a distortion of the original authors’ 
intent. Science teaching objectives should be in a context of the field 
of science knowledge, the means of deriving it, its social implications, 
and its application to the solution of our daily problems. But many of 
us could improve our teaching simply by stating and living up to such 
a statement as: “I am going to teach science in such a manner that 
students have to explain, justify, predict, estimate, interpret, and make 


critical judgments.” 


3. Method of teaching. The tremendous implication of raising 
the level of performance in our classroom is that we must change our 
method of teaching. Obviously it would be unfair to evaluate student 
behavior at the upper levels if students had not been permitted to 
develop skills at those levels. Evaluation apart, the significance of the 
“levels” is that laboratory work must become more vital, challenging, 
stimulating. Demonstrations can no longer be routine. Students will have 
to be given opportunity to solve problems for which there are no simple 
solutions. They will have to read, discuss, investigate, try out, argue, 
take trips, look at, listen to, improvise, succeed, fail. Only by changed 
methods in most of our classes will students have opportunity to com- 
Pare, discriminate, reformulate, interpret, predict, discover, create—that 
is, to perform at a “higher level.” 
in teaching. No teacher likes to be 


accused of teaching as he was taught, nor does he like to believe that 
he teaches in a dull and perfunctory manner. The teacher who is gaining 
Personal satisfaction from his teaching, who talks enthusiastically to his 
colleagues about his work, or who has a reputation among his students 
as a top teacher in the school, is exactly the same teacher who is himself 
teaching at a high level of performance. He compares the variety of 


4, Finding satisfaction 


z iti i si 5 i judging student work, 
2For an additional discussion of sources of evidence for ju т 

ѕее John Б. Richardson, Science Teaching in Secondary Schools. Prentice-Hall, 
Englewood Cliffs, New Jersey. 1957. Chapter re 
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teaching techniques he knows are available for his use and with dis- 
crimination selects those most suitable for his students and his experi- 
ence and resources. He critically judges the content of the many science 
courses he may choose for his students. At his best, the teacher resource- 
fully departs from the traditional and the routine and creates new and 
imaginative approaches to both content and method in teaching. He 
critically questions the commonplace teaching doctrines of his time (and 
even the not-so-commonplace) and searches for unique ways to solve 
teaching problems. And in this spirit of his own creativity he finds at 
the same time poise and confidence that his profession is worthy of his 
energy and devotion and that education under his direction is serving 
its proper ends. 


What is your “level of performance”? 
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Science Curriculum Evaluation: 
Observations on а Position* 


Henry H. Walbesser 


Two of the fundamental positions concerning the purposes, 
conduct, and expected outcomes of evaluation, which are currently 
assumed in the assessment of experimental curriculum materials, are: 
the content position and the behavior position. It is the intention of this 
Paper to point out the differences between these two conceptions of 
curriculum assessment and to describe the model, based upon the be- 
havior position, which is being used by the AAAS Commission on 


Science Education in its curriculum project. 


CONTENT 


ess be valuable to explore the content position 
in depth, but that will not be done here. Our chief concern is with the 
behavior position. We need say only enough about the content position 
to help distinguish those aspects which are specific to it and those 
peculiar to the behavior position. In brief—as “content” suggests—those 
who adopt this view build a curriculum or develop instructional ma- 
terials as a content-organizing enterprise. They use instructional ma- 
terials which appeal to a logical, or rational, or historical presentation of 
а particular discipline or combination of disciplines. Choice of materials 
is considered in terms of the nature of the items which should be sam- 


pled from the content domains and relates to such questions as: 


It would doubtl 


1 Бе chosen? 


What big ideas from this discipline should 
an understanding of the 


What particular topics are fundamental to 
discipline? 


°Reprinted from The Science Teacher, V. 33, No. 2, Feb., 1966, pp. 34-39. 


©, by permission. 
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How can certain concepts be best presented? 


What particular facts must an individual know if he is to appreciate 
the significance of this discipline? 


Naturally, in the assessment of the instructional materials developed 
from such a curriculum orientation, the units of achievement are taken 
to be content items. 

The primary measurement is most often a sequence of content items 
or content situations, and the measurement is made almost exclusively 
in terms of paper and pencil performances. Among those who adopt this 
content position there are some who use subjective “expert” evaluation, 
particularly among those who contend that the measurement field has 
not yet achieved the necessary technology so as to be able to provide 
useful or constructive information about the effects of the curriculum. 
However, assessment of instruction materials by means of a rigorous 
research design is possible within the content-directed framework. 


BEHAVIOR POSITION 


The second group of curriculum designers reflect what might 
be termed the behavior position. The AAAS Commission on Science 
Education subscribes to this position. The “behavioral” group focuses 
upon the creation of instructional sequences of material which suppos- 
edly assist the learner in the acquisition of a particular collection of 
behaviors rather than a particular collection of content. Unlike those 
who favor evaluation of content, the curriculum organization which 
appeals to a behavioral interpretation approaches the development of 
instructional materials by asking one question: What do we want the 
learner to be able to do after instruction that he was unable to do before 
instruction? 

Then the curriculum designer proceeds to develop materials related 
to the answers given to this question. 

The existence of each curricu 
able to demonstrate th 
complishment is conte 


no real consequence. What is important, however, is the recognition and 


ect has the honest 


btained by defensible research pro- 
cedures and that these procedures can be replicated if someone should 
desire to do so. 


For the behavior-oriented group of curriculum designers, reliably 
observable performance plays the same role as a content item does for 
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the content-oriented group. As a consequence of the behavior-oriented 
point of view, the evaluation of a collection of instructional materials 
becomes the assessment of the presence or absence of specific behaviors 
or specific sets of behaviors. The accomplishment of these objectives of 
the instructional materials for the behavior-oriented group is determined 
by observing the learner performing his specified task and thereby 
exhibiting the desired behavior. Such an assessment obviously demands 
that the behaviors under observation be clearly stated, the criterion for 
their presence be explicitly stated, and that the conditions under which 
the evidence of presence or absence is collected be described in such 
a way that the procedure used to obtain the evidence can be replicated 
by others. This investigator has adopted the position that the behavioral 
view of curriculum development possesses advantages sufficiently unique 
and productive to the design, development, and evaluation of instruc- 
tional materials so as to make behavioral description of the objectives 
of instructional materials an unavoidable partner of content selection. 
The remainder of this paper is an explanation of this position: 


PRACTICES FOR EVALUATION 


any collection of instructional materials? 


One response which has a high probability of acceptance by most, if 
not all, curriculum designers, is that the purpose of a collection of 
instructional materials is to effect learning. An appeal to this all-encom- 
passing goal of learning leads one quite naturally to ask two questions: 


What is to be learned? and, Who is to learn it? The question of who 
is to learn relates, in this instance, to the population of elementary 
school children. Upon first consideration, one might argue that “what 
is to be learned” is exclusively within the domain of content selection. 
However, this view is soon replaced by the more basic behavioral 
orientation when one considers that the recognition of whether an 
individual possesses “knowledge of a particular collection of content 
is only possible through some observable response on his part. 

Does confinement of statements of what is to be learned to statements 
of observable performance restrict the nature of the content area or the 
general character of possible objectives of the curriculum? The con- 
straints imposed by behavioral objectives for curriculum description are 
amazingly few. Consider, for example, the physicist who might set the 
goal for his curriculum to be that the student will understand Newton's 
First Law of Motion. How will the physicist distinguish those students 
who understand from those students who do not understand? Perhaps 
someone would wish to contend that the physicist is never certain of 
when the student understands. This position is indefensible for a writer 


What is the purpose of 


199 


who intends others to adopt an instructional procedure which will teach 
“an understanding of that concept.” Furthermore, how can any author 
make a selection of instructional procedures, or decide upon an order, 
or include or exclude instructions from his discussion if Һе possesses 
no indicator of when he has succeeded? How can a writer make any 
decision under these circumstances? It is quite possible, however, that 
the physicist may not be able to verbalize the class of learner responses 
with which he is concerned, but the physicist, nevertheless, does possess 
them. The problem is merely to help the creator of the instructional 
sequence verbalize a description of the desired behaviors. From this 
standpoint one may contend that even the comfortable, ambiguous 
objectives such as understanding, appreciation, and knowing—so com- 
monplace as objectives for contemporary curriculum projects—are po- 
tentially able to yield to a behavioral description. 

The content selection and organization made by the writing efforts of 
the past decade are not under question by this discussion, but rather 
the lack of evidence to support or describe what these programs ас- 
complish is the focus of attention. What is already available by way of 
instructional materials is not the central issue either, for this material 
is part of the past development and should remain part of the past. It 
is not sensible that one propose taking existing materials and attempting 
to provide a set of behavioral objectives to describe each program, 
What is important is that curriculum projects learn from these errors 
so that current activity improves upon past efforts. 

Curriculum designers seldom possess professional interest in the 
problems associated with the clarification and specification of objectives 
in terms of a behavioral description. It is the obligation of the behavioral 
researcher to provide the guidelines which will enable the curriculum 
writer to make the statements of performance. 

How will the project proceed after it has adopted the principle that 
statements of objectives be statements of observable performance? One 
procedure is to attempt an adaptation of the “Bloom Taxonomy.” [1] 
However, lack of specification within, as well as between, Bloom’s 
taxonomic classifications and their relationship to test development 
rather than instructional development make them somewhat unaccep- 
table for the present purpose. Since the behavioral point of view focuses 
upon the ability of a learner to perform a specific task, the work of 
Miller [3] in the area of task analysis, and that of Gagné [2] and 
Walbesser [4] in the construction and interpretation of behavioral hier- 
archies, offer an alternative to the Bloom adaptation. It is this alternative 
strategy which has been adopted by the Commission on Science Edu- 
cation of the American Association for the Advancement of Science in 
the description and evaluation of the elementary science curriculum, 
Science—A Process Approach. The model of curriculum evaluation de- 
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veloped in this discussion is illustrated by the evaluation program of 
Science—A Process Approach. 


STATEMENTS OF BEHAVIOR 


Can scientists be persuaded to write behavioral objectives? The 
experiences with the science curriculum effort of the AAAS Commission 
on Science Education strongly suggest that the physical, biological, and 
social scientists can be persuaded to adopt this position, without inter- 
fering with their creation of instructional materials for science. The 
first requirement is a firm commitment on the part of the project deci- 
sion-making body to have behavioral objectives. 

Each instructional segment should clearly state the objectives of in- 
struction—what the child will be able to do or say (observable perform- 
ance) after instruction with the material that he was unable to do or 
say before instruction. The objectives must be statements of reliably 
observable behavior, written by the author of the instructional segment, 
and stated in terms of observable performances which the scientist feels 
as sufficient indicators of success. 
effective, each writer will need to be 
provided with a description of what is desired by way of statements 


which are acceptable as statements of objectives and those statements 
able. One example of such a description is contained 
escription is meant to be illustrative 


are necessary as well 
If this procedure is to be 


which are unaccept 
in the subsequent paragraphs. The d 
of this one effort and nothing more. 


CRITERIA то ВЕ USED IN THE 
CONSTRUCTION OF STATEMENTS OF 


BEHAVIORAL OBJECTIVES 


The statement of objectives should include all of the individual 
performances one expects the learner to have acquired during the exer- 
cise. When conceived as immediately observable performances, these 
may be thought of as minimal objectives; but as such, none should be 


Omitted from the statement. 

Many authors tend to include some 
Standing,” “developing appreciation,” 
objective must be considered unacceptable 
statement. The question to be faced is, w 
learner expected to acquire which can be seen w 
vations of his performance are made? 

A major criterion should be clarity, the avoid 


goals such as “increasing under- 
and so on. A statement of an 
if it includes this kind of 
hat specific things is the 
hen immediate obser- 


ance of ambiguity. For 
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example, a statement like this is ambiguous: “The child should be able 
to recognize that some objects can be folded to produce matching parts, 
that is, are symmetrical.” This statement might mean several different 
things: 


A. The child recognizes symmetrical parts when they are folded to pro- 
duce matching parts. 


B. The child can verbally answer the question about what makes the 
object symmetrical by saying, “A figure is symmetrical if it сап Бе 
folded to produce matching parts. 


C. The child can demonstrate whether or not a figure is symmetrical by 
pointing out its matching (or nonmatching) parts. 


These are not the same things, While the child is unlikely to be able to 
do C without being able to do A, he could certainly do А without 
doing С, С without doing B, and В without either A or С. 


It is imperative to use words which are as unambiguous as possible. 
Some examples are: 


A. Identify, also recognize, distinguish. These mean point to, choose, 
pick out, or otherwise respond to several stimuli differentially, 


B. Name, also state. These imply that a verbal statement is required, 
“What color is this ball?” is naming. 


C. Describe. Means a verbal statement and also that the categories 


stated are self-generated. “How do you describe this ball?” is describ- 
ing. 


D. Order, or place in sequence. 
E. Construct, print, or draw. 
F. Demonstrate. Means that the learner is applying a principle to a 


specific situation, For example, he may be asked to demonstrate 
symmetry for a figure by folding or matching halves. 


Why the emphasis on performance in words implying behavior? The 
major reason is to stay away from “mere” verbalization. If one says 
the child “understands that such and such is true,” this might be taken 
to imply merely that the child can repeat a verbal statement. Much 
better to have him identify something, construct something, or demon- 
strate something. Under these circumstances, we know that he “knows.” 

What does one hope to gain from this procedure? By requesting each 
author to specify the expected behavorial outcomes for the particular 
material he has written, we require him to specify what he considers 
Success with this particular piece of instruction. Once this specification 
is made, any observer—whether he is a scientist, teacher, or interested 
individual—is able to distinguish those who have successfully achieved 
the objectives of the exercise from those who have not. Under these 
circumstances, all that is called for is that individuals making the judg- 
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ment read the description of the desired performances and then de- 
termine whether they are present in the learner being observed. 

If a scientist specified the performances one is examining, it can be 
argued that the scientist should also specify how one goes about the 
task of determining whether the learner does or does not possess a 
particular behavior. As an aid to the scientist in the construction of 
these performance measures, it is helpful to provide him with guidelines 
which describe the necessary characteristics of such measures. 

The guidelines for constructing each of these performance assess- 
ments, or competency measures as they are called by the AAAS Com- 
mission on Science Education elementary science curriculum project, 


require that they meet the following criteria: 


A. Each objective of the exercise should be represented by at least one 
task. Hopefully, these tasks should be suggested by the statements 
of the objectives; but in any case, behaviors proposed as instruc- 
tional objectives should be measured. 

B. The tasks need to be designed to elicit behaviors of the sort described 
in the objectives. If an objective calls for the construction of some- 
thing, the task might begin “draw a .” If the learner is being 
asked to name something, the task might be “What do we call this?” 

C. The description accompanying each task should tell the instructor 
clearly what to do (not just imply it). For example, an accompany- 
ing instruction might be: “Place in front of the child a dittoed sheet 
containing drawings of an equilateral triangle and a circle.” Or, 
“Give the child the meterstick.” 


D. The kind of performances that are acceptable should be clearly 
described so that a correct judgment can be made concerning the 


presence or absence of a particular behavior. 


The collection of behavioral objectives for the entire instructional 
Program provides a behavioral map (or bank of descriptions of behav- 
ior) which may be used to characterize the entire collection of instruc- 
tional materials. In short, this totality of behaviors represents a measur- 
able description of what this particular instructional program attempts to 
accomplish. Such a collection of behaviors is at least one means of 
Providing a lower bound on what the curriculum is to accomplish. 

A behavorial map such as the one provided by these procedures will 
in tum yield to analysis by behavioral hierarchies such as those of 
Gagné [2] and Walbesser [4], thereby providing the vehicle through 
which to obtain an assessment of the instructional program’s effect far 
beyond that identified by this lower bound. Assessment of the long-term 
behavorial acquisition by the children exposed to Science—A Process 
Approach is determined by The Science Process Test or The Science 
Process Instrument which is administered on an annual basis. The Sci- 
ence Process Test is a performance measure administered individually 
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and based upon the behavioral description provided by the behavorial 
hierarchies which describe each of the simple science processes. The 
results of this instrument provide an individual profile of the develop- 
mental progress of each child within each of the simple processes. The 
current version of this instrument, The Science Process Test, covers 
the kindergarten and first, second, and third grades. 


INTEREST MEASUREMENTS 


Up to this point, the evaluation has concerned itself with assess- 
ment within the cognitive domain. One might reasonably ask, what 
measures should or can be taken of the affective domain. That is, most 
science curriculum projects are interested in the investigation of the 
student’s attitude toward science as well as the teacher’s attitude toward 
science. The following remarks are directed at the question of student 
interests. Since the investigation of student interest in science has just 
been initiated by the Science—A Process Approach curriculum, it is only 
possible to describe the nature of the strategies being used. 

The first of the three instruments intended to measure the child's 
interest in science is called the “Extra-School General Information In- 
ventory.” The strategy of development calls for the construction of a 
measure which samples general information from four broad areas: 
science, fine arts, sports, and literature. The assumption is that the 
interests of a child will be reflected by his fund of information on topics 
or in areas to which he is not ordinarily exposed in the formal school 
environment. Therefore, if the youngster demonstrates that he has a 
sizable collection of facts, which are miscellaneous from a standpoint of 
his formal schooling, but all the facts are science related, then one 
might reasonably infer that this is a reflection of his reading or activity 
pursued outside of the classroom—that is, a reflection of his interests. 
The general information categories which were selected as components 
for the Inventory are intended to reflect divergent interest 
appealing to these rather diverse categories, the science inter 
as visible to the child; that is, the child is not able to guess easily that 
you are interested in his science interests. With such a less visible indi- 
rect measure of interest, one works from the assumption that he has 
improved his probability of sampling the true interests of the child. 

The second form of interest measure w 
one in which one employs duration of 10 
interest. Various levels of com 


areas. By 
est is not 


hich is under development is 
oking time as the measure of 


plexity in pictures depicting several kinds 
of activities are employed in this procedure. One obtains me 
the length of time which an individu 


four areas: science, fine arts, 


asures of 
al will look at pictures related to 
sports, and literature. The pictures are 
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equated with regard to complexity. The intention is to develop a Look- 
ing Time Interest Inventory. 

The third interest measure is a Structured Interview of Science In- 
terests in which the interviewer guides the conversation with the child 
so as to sample the child’s recent activities outside of school. It is much 
too early at this point to decide whether any or all of these interest 
inventories will be effective with children at this age level. However, 
they do represent three forms which may be logically supported as 


possible measures of science interest. 


SUMMARY 


By way of summary, then, the evaluation begins with the 
specification of behavioral objectives for each instructional unit, proceeds 


to assess the success of each instructional unit in terms of measuring 
child as set forth in the objectives, and 


the behaviors acquired by each 
in terms of his acquisition of 


assesses the annual progress of each child 
the behaviors identified in the behavioral hierarchies for each of the 
processes. Finally, the science interests of children exposed to the in- 
structional program may be included within the evaluation design, but 
by indirect rather than direct measurement. 

behavioral description of a set of instructional 
ainst the content-oriented curriculum efforts. 
culum is merely a recognition of 
and its specification as observable 


The case for the 
material is not a case ag 
Rather, the behavioral view of curri 


the fundamental role which behavior 
performance must play in a description of what a content-organized 


curriculum does accomplish. In this context, a content-oriented view of 
curriculum represents one plausible extension of the behavioral view. 
of the need for the behavioral description of objectives 
will enable curriculum projects to carry out comparative studies on a 
basis which does yield to scientific investigation. Hence the benefits to 
content-oriented curricula would be clarification of the aims of the 
instructional materials, the existence of a vehicle for assessing a success 
or failure of the materials, and a technique for conducting comparative 
studies of curricula as defensible research investigations. Obviously the 
same benefits are present for behavior-oriented curricula with one addi- 
tional possibility. Without stretching the point out of all perspective, one 
could readily imagine the existence of a curriculum development project 
which first specifies the tasks all learners successful with the curriculum 
Will be able to accomplish, then describes the behavioral sequence in 
observable performance language 50 as to identify the behaviors which 
are prerequisite to the ability to perform each task, and finally develops 
the instructional materials which would shape the behaviors identified 


The acceptance 
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by each entry in the behavioral sequence. The instructional revolution 
implicit in such a curriculum development project has the potential of 
reshaping all educational enterprises, since one would finally direct his 
attention to the potentials of the learner, rather than the appropriateness 
of content selections. 

The importance of a performance-based evaluation to the adoption of 
an instructional program by the classroom teacher also yields to a most 
fascinating behavioral assessment. Imagine the impact teachers could 
have on the curriculum if they demanded behavioral objectives and 
supporting evidence of accomplishment in terms of acquired behaviors. 
Why shouldn’t every teacher demand statements of the behaviors their 
students can be expected to acquire as a result of exposure to every 
instructional program they are asked to use? 
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Process Patterns and 
Structural Themes in Science* 


Donald Lundstrom 


Lawrence Lowery 


“SCIENCE IS THE TOPOGRAPHY OF IGNORANCE’! 


Science is concerned with man’s knowledge of his physical 
environment and with the methods he has developed to control it. 
Consequently, science must concern itself with a way of thinking and 
doing (modes of inquiry) and with a conceptual structure. 

In order to meet these concerns, school systems have developed a 
variety of programs. Yet the objectives of present science programs are 
often not clear to the teacher, and we still hear these familiar plaints: 
Science is all-too-often taught as an accumulation of information 
grouped into isolated segments. Textbooks may be loosely constructed 
or built upon isolated, dead-end topics. Secondary school science is as 
isolated from elementary school science as biology, chemistry, and 
physics are isolated from each other. 

To avoid these common pitfalls in science education, 
at four interwoven dimensions before pl 
program: (See Figure 1). 

The following discussion will be concerned with two of these dimen- 
sions: the processes of science (taking into consideration how children 


learn) and the conceptual structure. Within this framework science 
course content should: 


one must look 
anning a complete science 


1. Illustrate the many different Processes in a pattern that lead to the 
conclusions of science 


2. Provide a comprehensive picture of the generalizations and theories 
*Reprinted from The Scie 
©, by permission. 
10. W. Holmes. The New Dictionary of Thoughts. 
Company, New York. 1955. p. 569. 


nce Teacher, V. 31, No. 5, Sept., 1964, pp. 16-19. 


The Standard Book 
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Figure 1. Diagram of interwoven dimensions. 


that are the logical bases of modern science (the pattern of struc- 
ture) 

3. Provide the student 
tainty of the frontier of knowledge 


with an opportunity to encounter the uncer- 


Secondary school content should be integrated with, articulated with, 


and dependent upon the elementary school curriculum, 

We propose a pattern to the processes which are a part of the scien- 
tific enterprise. These processes are the avenues through which the 
principles and concepts of science can be taught. There seems to be a 
ntial order to the development of these processes. They 
are never independent of each other. However, there is an optimum 
period where an emphasis can be made of each process. The following 
chart is suggested as a plan to introduce and develop the processes of 
science, remembering that there is a continual extension of each process 
at each succeeding grade level (See Figure 2). 

We also propose structural themes to represent the structure of science 
rather than the structure of each field. These themes should eliminate the 
isolated, dead-end topics in science. The themes selected are: Variation 
and Pattern; Interaction and Dependence; Change and Continuity. 

If these three themes are set into a complementary pattern with 
children’s growth, and placed alongside the process pattern, one finds 
that the first theme (Variation and Pattern) is best emphasized іп 
grades K-3, Interaction and Dependence in grades 4-6, Change and 
Continuity in 7-9. Grades 10-12 would make equal use of all three 
themes simultaneously to allow students to see and utilize interrelation- 
ships. At all levels there will be a blend between the structures of 


chemistry, biology, and physics. 
Now let us look at how the p 
blend into a meaningful vertical unit. 


natural seque 


rocess pattern and structural themes 
The following outline of the sci- 
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SCIENCE AS INQUIRY 


GRADE K 1 2 3 4 5 6 7 в 9 10-12 


Observation and Description 


Classification 
Mathematical Techniques 
Verification in 
Independent Study 
Depth Study 


Instrumentation 
and Other 
Specializations 


THE CHILD 


Figure 2. Processes of science related to grade level. 


home red house si 


treet school 


0 1 2 3 4 5 6 
ОЕ: 3 4 8 6 7 8 9 


Figures 3, 4, and 5, top to bottom. De- 
velopment of a number line concept. 


entifically useful numb 


er line concept is presented as an example of 
the type of material po 


ssible in the elementary grades: 


at they encounter, (See Figure 3.) 
en on a nature walk. They can begin 
while observing. It might mean 
certain guide signs. Their start- 
» the beginning), in many cases 
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2. In the first grade the children are able to go beyond their immediate 
environment, observing and describing the number line concept as 
an extension of their earlier work. Comparison of distances can be an 
integral part of this development. A new look at the number line 
enables the student to see not only the concept of number (See 
Figure 4) but also that the starting point may be different. It does 
not have to be zero. (See Figure 5.) 

3. Clocks are an important part of the work in grade two. Children 
begin to see the number line concept in a different relationship. The 
number line is broken into two parts, thus building a new dimension 
to the original concept. (See Figure 6.) 

4. Further math techniques in the development of the number line 
concept can be made in grade three with the temperature scale. 
This introduces the number line in a vertical position. Positive and 
negative numbers become more comprehensible when the child 
sees that his number line now runs in two directions from a common 
beginning. (See Figure 7.) 

5. In grade four an experiment on the burning time of a candle takes 
the number line another step—into a horizontal and a vertical direc- 
tion. The charting of a constant rate develops the predictive ability 
of a straight-line graph. (See Figure 8.) 

6. At the fifth-grade level curved line graphs and their interpretations 
are introduced. Water is boiled, hard crack candy is made, and the 
resulting curved line graphs are interpreted in terms of the knowl- 
edges the children have developed previously, Other inferences can 


be generalized. 

7. А sixth-grade unit ca 
predictable rates deve 
independent observati 
quadrants would also 


n build possible implications upon constant or 

Joped from number lines coupled with various 

ons of scientific phenomena. The use of four 

build upon the conceptual structure. 

8. Developing a conceptual structure through slopes, vertical intercepts, 
vectors, and equations, students will reach the stage of apparatus 
that extends man’s senses. The oscilloscope, as a regular piece of 
high school apparatus, makes further use of the number line con- 
cepts and may be used to measure pulse variations in a study of 
physiology or to develop the resultant equations from the pattern 


of falling bodies while studying physics. 

al structure development should lead to a systematic 
s—one that develops logically yet scientifically. 
and structure blend into a meaningful horizontal 
unit? If the fifth-grade level is selected, one can see that children in 
our program will have had extensive experience in observation, classi- 
fication, mathematics, and experimentation. The fifth-grade level adds 
the dimension of inference. The children have also had several years’ 
experience within the structural theme Variation and Pattern and some 
instruction in Interaction and Dependence. Keeping in mind that we 
believe there should be an intermixing or parallel set of experiences in 
biology, chemistry, and physics whenever possible, let us see how the 
Processes and structural themes blend at the fifth-grade level. 
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Such conceptu 
Program for all student 
How does the pattern 


6 
Figure 6. Number line concept in different relationships, 


‘ 3 

2 

J 2 

0 

=] 1 

2 

8 б 

1 2 3 

Figure 7. Number line Figure 8. Number lines show- 
concept showing posi- ing horizontal and vertical di- 
tive and negative num- rections. 


bers. 


The children may be asked to find out which evaporates faster— 
alcohol or water (They have had other experiences with evaporation). 
To find out whether their answers are correct or not, the children use 
their previous knowledge to design an experiment. They put equal 
quantities of alcohol and water in dishes and place them so that room 
conditions will be the same for each. They then table the data they 
collect day by day (See sample sheet in Figure 9). The processes uti- 
lized at this stage will be observation, mathemati 
tion. The children will be seeking variation 
Without finishing the experiment, but when enough data are gathered, 
they are asked to predict when the alcohol or water will be completely 
gone. Thus, the idea of inference will be developed, and their predictions 
can be easily checked by continuing the experiment. Data can be plotted 
on a graph showing liquid measure and evaporating time. 

Another experiment, in the area of chemistry, 
previous one. The children are asked how much s 
а certain quantity of water ( 


cs, and experimenta- 
and pattern in their data. 


will build upon the 
alt it takes to saturate 
They have had some previous experience 
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EVAPORATION 
Equal Measure of Liquids: — 


TABLE 
Time Evaporating] Remaining | Remaining Remarks 
of Day Time Water Alcohol 
minutes 


| 
Figure 9. Sheet for recording day-by-day data for evaporation 


experiment. 


in solubility). The children test to find out. After obtaining results, the 


children are asked what would happen if the temperature of the water 
were increased. Through further experimentation the children will dis- 
cover the NaCl solubility curve (See sample sheet Figure 10). From 


SODIUM CHLORIDE SOLUBILITY 
TABLE 


| 
Temperature Grams МаС!/100 g H20] Remarks 


degrees centigrade * 


* suggested temperatures 
Figure 10. Sheet for recording data on sodium chloride solubility. 
е saltwater-temperature ratio. 


this, it is hoped that they can discover th 
as of interaction and depen- 


This then takes them into the simple ide 
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dence. Comparison of a graph of the data can be made with other 
graphs (such as that of a hypo solubility curve) to look for patterns 
and variations and to help children interpret and make inferences. 

In the area of biology the students will encounter a less directive 
continuation of this experiment. Each child will grow his own plant 
or plants from seeds. He will be seeking to answer any question he 
wants concerning the growth of the seeds (See sample sheet, Figure 11). 


PLANT GROWTH 


Problem: 


What | Have Done to Solve My Problem: 


-— TT 


—— тшн а Ны НИНА 


What | Think Will Happen: 


А 


Table of Observations: 


Figure 11. Pupil’s outline for plant growth experiment. 


Preferably he will be limited to one variable: e.g., Does a plant grow 
differently in the dark than in the light? Does freezing a seed change 
its pattern of growth? Do radish seeds grow differently than do bean 
seeds? In this experiment the children will be utilizing concepts from 
our first theme, Variation and Pattern to new concepts from our second 
theme, Interaction and Dependence. All the processes must be used 
effectively to draw conclusions. 

By using the processes of science pattern and the conceptual structural 
themes, a school system should be able to eliminate the isolated, dead- 
end topics in science. The program would grow from kindergarten 
through grade 12 instead of the usual textbook’s grade 1 through 6 or 
8. The program should bring about a closer articulation between the 
elementary and secondary levels. Scope and sequence should become 


clearer to the teacher, and science as an accumulation of information 
should become a fossil of the past. 
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Experimentation with 
Teaching Methods and Styles 


Throughout this book you have been encouraged to experiment 


with various teaching methods in order to develop a personal style of 
teaching that takes maximum advantage of your personal qualities. The 
author has asked you to perform a number of activities all related to 
developing a personal style, but he has purposely given you few direct 
statements about specific techniques to use. The articles within this 
section will help to acquaint you with some ways in which several 
different investigators have gone about experimenting with teaching 


styles and techniques. 


Experiment 
in Learning Discovery Techniques* 


Thomas E. Tinsley, Jr. 


When science teachers in Greenwich decided to revise the 
junior high school science curriculum, many previously accepted educa- 
tional objectives had to be discarded, because we felt science should 
fill a more functional need. Our group set as our primary general aim 
to give students knowledge and skills necessary for effective citizenship 
by developing their powers of rational thinking. Among the observations 
which led us to this conclusion were the facts that eighth-grade science 
is a required course; that most of our students would not pursue science 
as а career; and that scientific knowledge is developing so rapidly that 
the facts we teach today may be outmoded or found untrue tomorrow. 

We compiled a list of objectives that would contribute to our aim, 
as well as help students gain confidence in their own observations and 
statements. Fostering intelligent skepticism, teaching students to analyze, 
compile, and use data both to draw logical conclusions апа to predict 
results, and instilling scientific methods of inquiry were prime objectives. 
We hoped to teach students to recognize the tentativeness of scientific 
facts, the place of chance in science, and the importance of approaching 
problems from as many directions as possible. We hoped also to increase 
the students’ ability to communicate their ideas clearly and precisely. 

We chose the properties of matter as the subject of our new program 
and began selecting laboratory experiences to “springboard” our students 
into the realm of scientific investigation. Each experience included a 
pre-lab (introduction of vocabulary, equipment, and procedure), the 
lab itself, and a postlab (analysis and discussion of data and drawing 
conclusions). 


Developing concepts took longer this we 


ay, but the rewards were 
worth it. Students began to open up. They discussed problems freely, 


°Reprinted from The Science Teacher, V. 33, No. 7, Oct., 1966, pp. 45-47. 
©, by permission. 
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criticized each other’s data, and drew their own conclusions—all without 
fear of giving a wrong answer. We teachers often found it difficult to 
keep quiet or ask questions rather than give answers. 

By the end of the year we had found that students could handle a 
process learning situation. Their enthusiasm was evident from the con- 
stant spirited debates and discussions we had witnessed. However, even 
though we had eliminated a large amount of usable material, we found 
that we had included too much. The result had been a high-powered 
chemistry course with no apparent unifying thread the students could 
follow with ease. The labs seemed isolated from one another, and there 
was little flexibility to accommodate creativity and different ability 


levels. 


For the second year of our “experiment in learning,” we kept the same 


basic format, but cut and reorganized materials, introducing as much 
color and dramatic effect as possible. We began with highly structured 
labs which stressed observation and familiarization with new equipment. 
Succeeding labs became less and less structured, so that students even- 
tually began to design their own procedures. А teacher's guide was 
prepared which suggested questions and possible avenues to explore and 


gave leads from the postlab to the next prelab. 
The curriculum was left wide open for both teachers and students to 


create and investigate on their own at any point. The basic thread of 
the curriculum can easily be picked up again without disrupting the 
sequential conceptual theme of exploring the properties of matter, Al- 
lowances are made for the students to experience frustration as well as 
success. Traps are set along the path, and students seem to derive great 
satisfaction from working their own way out. 

A brief look at our basic outline, explaining a few of the lab experi- 
ences, will give the reader an idea of the discovery techniques we use. 

Experience 1: On the first day of class we meet students with a dem- 
Onstration designed as an attention-getting device which will sharpen 
the students’ powers of observation. The class is shown three beakers con- 
taining clear liquids and asked if these solutions are water. Do they 
look like water? If they are mixed, will anything happen? | 

The solutions аге mixed, and they remain clear. In two minutes this 
mixture flashes bright orange. Just about the time the students gain 
the attention of the teacher, the mixture has flashed purple. While the 
students are buzzing about the “magic” that has just occurred, a sheet 
is passed out on which are such questions as: How many liquids were 
mixed? In what order did the colors appear? In what order were the 
solutions mixed? The remainder of the period is spent discussing these 


questions. . : Я 
an observation lab. At this point the class is 


Experience 2 is also 5 
introduced to the use of the Bunsen burner and the balance. Ammonium 
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dichromate is burned, after the students are warned of the dangers of 
the dusts and oxides that will be formed. The teacher asks: 


1. What was the material like before burning? 
2. What was the material like at the end of the lab? 


3. Describe what you observed as the change took place. 


We do not at this point stress the chemical reaction that has occurred. 

Experience 3: We try to point out that people will experience things 
differently even though exposed to the same media or phenomena, PTC 
taste-test paper is passed to each student with instructions to taste it 
and record his observations. In the discussion that follows, we try to 
bring out the fact that two people observing the same phenomenon 
may respond with two different versions of it and we can not say that 
either is wrong. 

Experience 4: By now the students are becoming very sure of them- 
selves when it comes to observing. In this lab the class is confronted 
with four unknown white compounds and asked to group or (if possible) 
name them, but not to taste the compounds. At the end of the postlab, 
students admit that they have been able to do nothing but describe 
the compounds. Are there other ways in which we can distinguish 


these materials? Eventually someone will suggest, “Let’s put them in 
water,” 


Experience 5: The com 
their solubility—very solul 
The students dissolve 


pounds used in experience 4 were chosen for 
ble, soluble, slightly soluble, and not soluble. 
three grams of each in 20 ml of water. Two (in 
test tubes 1 and 2) seemingly dissolve; two (in test tubes 3 and 4) do 
not. The teacher asks, “Where did the powders go?” 

Experience 5-1: А beaker 
asked whether it is full, Then 
alcohol, and each time 


is filled with marbles, and the class is 
sand is poured in, then water, and finally 
the same question is asked. This demonstrates 
the possibility of our powders fitting between the water molecules. 
Question: If the compounds are there, can we get them back? 

Experience 5-2: At this point the students 
bath and evaporation te 
solutions. 


Experience 5-3: The teacher asks the class, 


tubes 1 and 2 dissolved, can we be sure that some of the material in 
3 and 4 did not also dissolve?” Another technique is introduced—filter 


ing. Once students haye filtered and evaporated the two so-called in: 


solubles, thes, find that one has left a residue. Here they begin to wonder. 
If some of the material dissolved, is there a way to dissolve the reste 


AN! Add more waler. (Ерен 22 j 


Experience 


are introduced to the water 
chnique to get the material back from the 


“If the material in test 


е 5—4 leads the class to the conclusion that it is passible to 
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dissolve more of one material than of another in the same amount of 
water. (Experience 6) 

At this point students begin to develop their own labs, covering such 
topics as whether material will dissolve more completely in hot water 
than in cold. We eventually lead the students to the development of 
solubility curves. 

Other subjects for lab experiences are crystals, density, interaction of 


chemical compounds, and the forming of new materials with different 
ith which the students started. Our final 


t of the atom and the interaction of atoms 
to produce compounds with particular characteristics. To help explain 
this phenomenon we make use of the periodic chart. Supplementary 
readings are suggested, and vocabulary and equipment terminology are 
subtly introduced and used constantly in classroom discussion so that 


there is no need for a formal vocabulary list. 
hich a science teacher can use open-ended 


a point of departure for developing new 
holeheartedly encourage teachers to be 
and student alike truly sense the plea- 


properties from the ones w 
goal is to develop the concep 


There are many ways in w 
experiences such as these as 
concepts and techniques. We w 
creative—only then can teacher 
sures of discovery. 


to 
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A Comparison of the Performance 
of Ninth-grade and College 
Students in an Earth Science 
Laboratory Activity 


William D. Romey 
John H. Merrill 


“Educators who are concerned with giving nonscientists an edu- 
cation in science that will be both lasting and useful are apt to believe 
that a sense of understanding what science is and how scientists work is 
more important than all the rest.” [1] 

In order to show what science is, 


teachers must develop in their 
science students the capacity to re 


ason inductively. Inductive reasoning, 
which involves the development of generalizations from observations 
made by the investigator himself, has not been stressed in traditional 
science courses until students have become engaged in independent 
research, Students have normally gained no practical experience in scien- 
tific reasoning until they have begun work on a bachelor’s or master’s 
thesis. Many students have received bachelor’s degrees from some of our 
best universities and colleges without ever having been faced with the 
problem of interpreting data they have gathered themselves. 

In recent years, many scientists and science educators have become 
increasingly aware that an understanding of inductive reasoning proc- 
esses should come at the very beginning rather than at the end of a 
student’s scientific training. High school curricula prepared by the 
Physical Science Study Committee (PSSC), Chemical Bond Approach 
Project (CBA), Chemical Educational Material Study (CHEM Study), 
Biological Sciences Curriculum Study (BSCS), and others have been 
aimed at increasing comprehension of scientific processes by introducing 
a discovery approach to learning. In such programs, students discover 
fundamental generalizations and concepts through their own laboratory 
work rather than reading about them in textbooks or performing stan- 
dard “experiments” designed to confirm a given principle. 

The great increase in earth science teaching in the secondary schools 
since 1950 has made it apparent that training programs in earth science 


°Reprinted from The Science Teacher. 
„ by permission. 
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> У. 31, No. 4, May, 1964, pp. 49-52. 


also must undergo a major reevaluation. The GEO-Study program [2] 
and the Earth Science Curriculum Project (ESCP) [3] have been estab- 
lished further to examine earth science curricula on the college and 
high school levels, respectively. 

A few physical geology courses offered at various colleges and uni- 
versities now incorporate laboratory activities designed to introduce 
inductive reasoning. Exercises of this type have been used at Syracuse 
University for several terms, and we recently introduced some of the 
same material to a ninth-grade earth science class at Fox Lane School, 
Bedford, New York, in order to compare the relative performance of 
high school and college groups. The purpose of this study was to see 
whether a rather complex series of related concepts could be developed 
in an experiential manner with equal success at the two levels. 


PROCEDURE 


The experiment chosen involved a study of the concepts of 
porosity, water retention, and permeability in unconsolidated sediments 
tems [4]. Students were 


as related to aquifers and artesian water sys 
first directed to measure the porosity of aggregates of spheres (lead 


shot) and of different natural sands, each consisting of uniform-size 
grains. Porosity was measured by pouring а measured volume of sand 
or spheres into a measured volume of water and calculating the maxi- 
mum percentage of water that could be contained in the given volume of 


sand or spheres according to the relationship: 


(a) volume of water е 100:= % porosity 
volume of spheres or sand 


ze versus measured porosity (see Fig- 


By plotting a graph of grain si 
osity is essentially 


ure 1), students discovered for themselves that por 


independent of grain size. 


Porosity (%) 


Grain Diameter (mm) 


Figure 1. Graph of grain size vs. porosity, showing 
typical results obtained by students. 
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In the next step, students measured the volume of water which flowed 
out of the sands when a solid cork at the bottom of the containing tube 
was replaced by a perforated cork covered with wire gauze to prevent 


loss of sand. Then they calculated retentivity according to the relation- 
ship in (b) below. 


(b) orig. vol. of water—vol. of water drained from aggregate 


X 100 = $ retentivity 


original volume of water 


By examining the results, they found that the percentage of water 
retained increased as grain size decreased. Class discussion brought out 
that the total surface area of aggregates having small grain size is much 
greater than that of aggregates having large grain size. It was concluded 
that molecular attraction between grain surfaces and drops of water 
was much greater in aggregates of small grain size and that this ac- 
counted for the relationship observed. 

The third major part of the experiment involved finding the relative 
permeability of the different sands and spheres by measuring the volume 
of water which flowed through them at a fixed pressure in a fixed time 
interval (sketch of apparatus given in Figure 2). Volume of flow per 
unit time (permeability) versus grain size was then graphed (Figure 3). 


hydraulic head 


ке T 
E 


to catch 
discharge 


Relative Permeability (cc per min) 


Grain Diameter (mm) 


Figure 2. Sketch of permeability ар- 
paratus, redrawn from Gilbert and Chris- 
tensen (4). 


These concepts were related to aquifers and 
short discussion period that followed the activity. 
At Fox Lane School, the secondary 


during subsequent periods. 
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Figure 3. Graph of grain size vs. perme- 


ability, showing typical results obtained 
by students. 


artesian well systems in a 


school group extended this activity 


Students had the opportunity to mix grain 
sizes and were able to discover the relationship betwee 


п porosity, per- 


meability, and sorting of aggregates. A comparison of the two age groups 
is shown in the accompanying chart. 


TESTING 


During the last 15 minutes of each laboratory period, an un- 
announced quiz consisting of 15 multiple-choice statements was given. 
Statements were designed to test for understanding and transfer of the 
concepts being taught during the laboratory rather than for memoriza- 
tion of definitions or facts. The example below illustrates the type of 


multiple-choice statements which were used. 


1. Porosity is: 

A. The total volume of open spaces it 

volume of the rock 

B. The total volume of open space; 
volume of the rock 
The grain size times the t 
The total volume of spaces in a rock 
None of these 


2. A barrel full of marbles compared to a bar 
hold: 
A. Less water 
B. More water 
C. The same amount of water 
D. Not enough information given 
a mixture of marbles and baseballs 


a a rock times the total 
s in a rock divided by the total 


otal volume of the rock 


нро 


rel full of baseballs would 


3. In comparison to marbles alone, 


would cause the porosity to: 

A. Increase 

B. Decrease 

C. Remain the same 

D. Not enough information given 


4. Gravel compared with a sample of gravel mixed with clay would 


have: 

A. A higher relative permeability 
B. A lower relative permeability 
C. The same relative permeability 
D. Not enough information given 


RESULTS 


ceived by the two groups were nearly identi- 


The mean scores re 
ade group was from 6 to 15, 


cal. The range of scores for the ninth-gr 
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Fg ок score was 10.9. For the college group the range was 5 to 
om fir mean score was 11.1. It must be pointed out that division 
Е lege group into graduate and undergraduate categories has 

n appreciable effect on the mean score. For the 37 undergraduat 
ma the mean was 10.5, and for the 8 graduate students К tie 
ея Science Foundation Academic Year Institute science a зе) 
be ce н 13.3. Curves showing the distribution of scores are given 


Per Cent of Students 


5 6 7 8 ®# 10 1 12 13 14 15 


Test Scores 


test scores of ninth- 


Figure 4. Graph showing 
The solid line repre- 


grade and college groups. 
sents the college group, including graduate and 


undergraduate students. The intermittently 
dotted line represents college undergraduate 
students only. The dotted line represents the 


ninth-grade class. 
CONCLUSIONS AND Discussion 


Our results show that the ninth-grade earth science class grasped 
the material presented as well as did the college undergraduate group. 
The bimodal nature of the curve showing college undergraduates and 
graduates combined reflects the more advanced scientific background 
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of the graduate students. We are not dealing with a case of presenting 
the college group with oversimplified material since we know from past 
experience that college groups consider the exercise used in this study 
both challenging and interesting. Instead, we are treating the ninth-grade 
students at a level of sophistication at which they should have been 
approached in the first place and which, unfortunately, is achieved in 
few high school or college courses. We feel that science students should 
be taught sound experimental techniques, careful treatment of data, the 
use of inductive reasoning to develop fundamental concepts, and the 
application of these experimentally derived generalizations to the ex- 
planation of natural phenomena at the earliest possible opportunity. The 
ninth-grade classroom is unquestionably a place where experimental 
work may be conducted. 

We anticipate that this experiment will lead to further work on the 
level of material which can be successfully introduced in the secondary 
schools. Secondary school teachers should carefully examine some of 
the newer secondary and college manuals and resource books for ma- 
terial which can be used in their own classrooms. Conversely, teachers 
of college science courses must become aware of the growing compe- 
tence of their entering students. More and more students entering col- 


leges during the coming years will be “overprepared” for traditional 
approaches used in elementary college science courses. 
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Using History in Teaching Science” 


Melvin Berger 


Л h of history now and then dramatizes the way 
Science is built—piece by piece, brick on brick, scientist following 
scientist. The historical approach, consciously and skillfully used, has 
a valuable place in the teaching of science. To be sure, there is scarcely 
a textbook or individual teacher who does not present a certain amount 
of historical background when introducing a new subject; for example, 
Copernicus and the solar system in 1543, Mendeleev and the periodic 
table in 1869. But do these bits of history provide a feeling for the 
growth of science—or are they merely other facts to be memorized 
among the great number of facts that are thrown at the student in any 


Science course? 
The historical approach en 
scientists in their laboratories a 


eries of science, to follow along with their ex 
thinking, catch their mistakes, and see how often they were able to 


turn accidents and unexpected results into significant new discoveries. 
If we can help the students, in effect, to rub shoulders with the scientists 
who created our modern science, we are providing an educational 


experience of the greatest value. 

Let us look now at some of the particular ways that the history of 
e to the development of the basic concepts of 
f thus sharing a lab bench with some 
of the world’s greatest scientists give the student a deeper insight into 
the science he is learning? If we look briefly at one specific discovery, 
the discovery of the first vitamin, for instance, perhaps we can see how 
this study of history provides a depth of understanding that is sometimes 


lacking from the more familiar presentations. 


An added touc 


ables the student to stand alongside the 
s they worked toward the great discov- 
periments, guess at their 


Science сап contribut 
science. How can the excitement 0 


*Reprinted from The Science Teacher, V. 30, No. 7, Nov., 1963, рр. 24-26. 


©, by permission. 
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The usual unit on vitamins starts with a few of the famous historical 
anecdotes. There is usually the one about the sailors on Columbus’ 
voyage getting scurvy, being put on an island to die, and unexpectedly 
recovering. Then there is the story about why the British sailors are 
called limeys and why the London waterfront is called Limehouse. 
Finally, there is the story of Takaki and the barley rations he ordered 
for sailors of the Japanese Navy who were going on long voyages. 
Occasionally, other names are mentioned. the first to do this or that, 
and the dates involved. 

Yet, how much more interesting to devote a little more time to history 
and follow along with the step-by-step scientific work that led to the 
discovery of vitamins. Not only can the student obtain a real under- 
standing of vitamins, but he is able to trace the use of scientific method, 
not in a made-to-order lab experiment, but on the track of a major 
scientific triumph. 

Let us now briefly retell the story of the discovery of vitamins and 


see how this material can be turned to educational advantage. 


Discoverinc VITAMINS 


Christiaan Eijkman, a Dutch Army doctor, was part of a medical 
team sent in the 18905 to study beriberi in the Dutch East Indies. 
This dread disease was killing millions annually throughout the East. 
The medical group first set out to find a germ of some sort responsible 
for beriberi. After two years of work, they were unable to report any 
progress at all. (How would you go about looking for an unknown 
germ that causes a known disease? What substances from the body of 
a victim of the disease might you check for infectivity? How?) 

Eijkman was working at a native prison on the island of Java. He 
yard were showing the symptoms 
huffli ng gait, the head held at an unnatural 
| prisoners were suffering from 


' the prison were just as healthy as 
chickens everywhere else. (What might explain w / 


ens were afflicted than were those outside? How 
to the large number of boribert victims among, th 
Eijkman suggested that this was a matte 
the prison ate a wide variety of foods, w 
only the rice left over from the prisone: 
this have made?) 
Eijkman knew that the rice 


hy more prison chick- 
might this be related 
e prisoners?) 

r of diet, Chickens outside 
hile the prison chickens ate 
ts’ meals. (What difference could 


eaten in the prison, as well as throughout 
the Orient, was polished rice, with the outer husk and inner silverskin 


removed. This prevented the rice from turning rancid in storage. Per- 
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haps, Eijkman thought, the beriberi was somehow related to the fact 
that the rice was polished. (How would you set up an experiment to 
determine whether beriberi is related to the polishing of rice?) 
Starting with some healthy chickens, Eijkman divided them into three 
groups. Group I was fed whole grain rice. Group П was fed rice with 
only the outer husk removed. Group III was fed polished rice, with 
both the outer husk and silverskin removed. The chickens in Groups I 
and П remained healthy, while those in Group I developed the symp- 
toms of beriberi. Yet, when Eijkman fed the sick chickens the silverskins 
from the rice they quickly recovered. (The beriberi cause is now iso- 
lated. Where? ) 
А However, after coming this far, Eijkman came to the wrong conclu- 
sion! He realized that the silverskin was significant; but he believed 
that it contained a substance which killed the beriberi germs that were 
in the rice. (Even though we called this a wrong conclusion, is there 
any error in Eijkman’s experiments or thinking? ) 
The importance of Eijkman’s work was that now the “cause” of beri- 
beri had been isolated, and a way of experimentally causing and curing 


the disease had been found. nate 
In 1906, Sir Frederick Gowland Hopkins carried vitamin research 
One step further with his famous experiment in which he took two 


Sroups of rats, fed one group all the known ingredients of milk but 
same ingredients, plus a few 


no whole milk, and fed the other grouP the 
rops of whole milk. At the end of 90 days, the rats in the first group had 
not gained any weight, v п the second group had nearly 
doubled their weight. (W 
By 1925, the name vitamin h 
Eijkman’s prison laboratory, B. C. P. Jansen 


a search for the “anti beriberi” vitamin. 


Pounds of rice polishings and several hundre! 


Ymylon in 1 p” if fed only ‘Then they chemically 
(0 the Inn э sieve substances from бщ pls Ий Sn ol 
i hy ig е, within 90 days, they knew that the sub- 
stange for which they were searching was within that separation. (What 
Е banie eno бой н оша of ОДА dee te LO 
Fan ounce of a powder that eould either preven! e к. ce 


Of со = thiamin, or vitamin 
urse, К Jer as thiamin, . 
j e, шоу this pow” at not only for what it taught us about 


Just as Rij А á 

: ijkman’s, was importar жег инт. 
Vitamins, but for establishing а method for further vitamin research. 
ansen ail Donath set ир the form that much subsequent vitamin 
"еѕеагеһ has taken. First, the laboratory animals are fed a deficient diet 
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of some sort, while a close lookout is kept for the appearance of any 
symptoms. Then a food is sought that can cure the symptoms. Finally, 
the particular substance within the food is found that is responsible for 
relieving the symptoms. (How is the Jansen-Donath experiment a specific 
example of this general ранет?) 

Let us pause now, and see what benefits this approach can bring to 
teaching about vitamins. First of all, the material is presented as an 
interesting, dramatic story. A skillful teacher can give the student an 
exciting, verbal picture of the native prison, with both the chickens and 
prisoners developing the strange walk and posture that are the first 
symptoms of beriberi, and then the research of Eijkman, followed 30 
years later by the work of Jansen and Donath. Against this vivid back- 
ground the entire story of vitamins can be told with much greater 
impact. 

Moreover, vitamins are not presented as only names and numbers to 
be associated with certain foods and certain deficiency diseases, Rather, 
the student is led along with the scientists involved, to arrive himself 
at our present knowledge of vitamins. This is, of course, very much in 
line with the scientific ideal of not accepting facts on faith, but whenever 
possible, following through the steps that led to the acceptance of the 
fact. 

Finally, this approach puts an emphasis on process, not only on result. 
The student is given valuable and vital insights into the process of 
science, as seen in the solution of a real problem of science. For instance, 
in the very brief outline we have given, he not only learns some of the 
important facts about vitamins, he also is learning how an experiment 
can be set up, how controls can be established, how the results can be 
checked. He can even follow a carefully planned experiment and see 
how it can be misinterpreted because of insufficient knowledge. 


Tue DETECTIVE APPROACH 


Another manner in which the history of science can be used in 


the teaching of science might be called the detective story approach. 
In it, the experiments and discoveries become the clues, leading to a 
solution of the mystery. There is a very clear example of this approach 
in a completely different branch of science—the field of atomic structure. 

The mystery with which we can start is the cathode ray, which vari- 
ous researchers had discovered in discharge tubes during the latter 
years of the 19th Century. Several explanations of the mystery had 
been offered, but none was found acceptable. Perhaps the most widely 
held belief was stated by Sir William Crookes, who said that the cathode 


rays were a fourth state of matter, adding luminous to solid, liquid, 
and gas. 
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Sir Joseph John Thomson was the detective who was finally able to 
track down a solution. He was Director of the Cavendish Laboratory at 
Cambridge University, which he built up to be, in effect, the Scotland 
Yard of atomic mysteries. 

Let us stand alongside Thomson now as he “grills” the cathode rays, 
and amasses clues, until he reaches the only possible explanation of 
the mystery. 

First, Thomson coats the anode in the Crookes tube with a fluorescent 
chemical and puts a small metal cross in the path of the cathode rays. 
He sees that the cross casts a clear shadow on the anode. 

Some detective stories stop after all the clues have been discovered 
to ask if the reader has a solution to the mystery. We can stop our story 
after each clue, and ask what the clue tells us. (What does this clue 
tell us? It suggested to Thomson that the cathode rays traveled in 
straight lines, since the cross cast a clear image on the anode.) 

Next, Thomson places a delicately balanced paddle wheel in the path 
of the cathode rays. He notes that the rays are actually able to turn 
the wheel. (What does this tell us? To Thomson it meant that the 
cathode rays consisted of particles that have mass and were able to 
exert a mechanical pressure on the wheel. He also realized that somehow 
these particles had to be coming from the trace of air that remained in 
the imperfect vacuum he had created in the tube.) For the third experi- 
ment Thomson sets up a magnetic field around the tube. The cathode 
ray, or rather the cathode particles, are deflected to the positive pole of 
the magnet. (What does this tell us? Thomson concluded that the 
Particles had a negative electrical charge. ) 

Next, Thomson passes the rays between two electrically charged 
plates. By measuring the amount of current necessary to deflect the 
Particles, Thomson is able to determine the mass of the particles—about 
1/2,000 of the mass of an ion of hydrogen. (What does this tell us? 
Since Thomson already knew that hydrogen was the lightest element, 
and his particle was 2,000 times lighter, this led him to the belief that 
this particle was much smaller than an atom.) 

Finally, Thomson introduces traces of various different gases into 
the tube. In each case the cathode ray particles seem identical, in 
charge, behavior, and weight. (What does this tell us? Thomson con- 
cluded that these particles can be found in many different elements, and 
Were always the same.) 

At this point, Thomson is ready to announce a solution to the mys- 
tery. Are we? We know that the cathode ray is made up of particles 
and that they travel in straight lines. We know that they have a negative 
electrical charge and a mass of 1/2,000 of the mass of a hydrogen ion. 
And we know the same particle can be found in different elements. 
(What is the only explanation that can tie together all these clues?) 
Thomson’s explanation is familiar. He said that the cathode particles 
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were electrons, particles of negative electricity coming from within the 
atom. Thus, not only was he able to solve the mystery of the cathode 
rays, but he made the first cut into the Dalton atom, which had lasted 
intact for nearly 100 years. 

We have included two short examples of how history can be used 
to improve and enrich the teaching of science. There are literally hun- 
dreds of other examples and ways in which the history of science can 
be used. The learning can be focalized around a dramatic story. The 
student is given insight into how a conclusion was reached, without 
a full explanation. The student is led to a full awareness of process and 
scientific method. This can lead to clearer thinking and experimenting 
on the student’s own projects, both in the laboratory and in other situa- 
tions. It also makes it easier, as the student continues his science studies, 
to grasp in greater and greater depth the new information he is given. 
And finally, it enables him to accept, and put into perspective, the new 
discoveries in science that are coming from today’s laboratories. If he 
knows and understands the thinking and experimenting that led to the 


older information, it is an easy task for him to build on that foundation, 
and assimilate the new findings. 
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Teaching from Research Papers* 


Howard B. Baumel 
J. Joel Berger 


In the past 30 years, leaders in the field of science education 
have continually called attention to the need for, and importance of, 
emphasizing scientific methods and attitudes in teaching procedures. 
Brandwein, Watson, and Blackwood! report that a survey of 42 sylla- 
buses, from 37 states for all secondary school science courses, reveals 
Опе common element—all propose to teach scientific methods. 

Many definitions of the objectives related to scientific methods and 
attitudes have been developed. It appears that all of the definitions 
have a great deal in common.” Recently, however, the idea of the exis- 
tence of any single, definable scientific method has been questioned and 
viewed as a gross oversimplification and distortion of the methods of 
Scientific inquiry. 

Thus, while there is a genuine concern on the part of scientists, sci- 
ence educators, and science teachers that students develop insights into 
methods of science, it is generally believed that the presentation of the 
“scientific method” as the well-known sequence of steps is an approach 
that is all too often completely unsuccessful in inculcating a conception 
of what science is about, how science works, and what the real character 
of the scientific enterprise is. 

_ An approach that attempts to combine the character of science with 
its content through the involvement of students with the research papers 
of scientists appears to have great potential in teaching science as a 


"Reprinted from The Science Teacher, У. 32, No. 4, April, 1965, pp. 29-30. 

, by permission. 

1Paul Е. Brandwein, Fletcher С. Watson, and Paul Е. Blackwood, Teaching 
High School Science: A Book of Methods. Harcourt, Brace and World, Inc., 
New York, 1958. p. 11. 

2National Society for the Study of Education, Fifty-ninth Yearbook, Part 
One, Rethinking Science Education. University of Chicago Press, Chicago, 
Illinois. 1960. p. 47. 
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process. Among the many rewards to be gained from the student's first- 
hand contact with original scientific writings are the genuine excitement 
in seeing fundamental discoveries through the eyes of their discoverers, 
the humanizing enrichment in becoming acquainted with the personali- 
ties of great scientists, and the possibility that youngsters will “catch” 
the climate of accuracy, the carefully detailed work, and the essential 
honesty of their scientific efforts. 

The authors have been using this approach in their respective science 
classes for the past four years. Only those research papers which in- 
volved content similar to that studied at the time, which could easily 
be understood by the students, and which reflected significant contri- 
butions to the development of scientific knowledge were selected. There 
are many sources available from which suitable research papers may be 
chosen. The selected papers were duplicated for distribution to the 
students. Explanations were included for any terms which might not 
have been clear. 

A series of questions which attempted to focus student attention upon 
important aspects of scientists and experimentation was prepared for 
each selected research paper. These questions required the students to: 


Recognize and state problems. 


Select, evaluate, and apply information in relation to problems. 
Recognize and state hypotheses. 


Recognize and evaluate conclusions, assumptions, and generaliza- 
tions, 


I. OF 0 уе 


5. Identify remarks, attitudes, procedures, or conclusions in the research 


paper that involve or illustrate aspects of scientists or experimen- 
tation. 


The following sample questions may serve as a guide to any paper 
selected: 
1. What problem was the scientist studying? 
What information did the scientist h 
gated the problem? 


3. What hypothesis did the scientis 
planned his investigation? 


4. What was the outcome of the experiment 
а. Observationally? 
b. In relation to hypothesis? 

5. What conclusion was reached? 

6. Is the conclusion justified? 

7. What simple experiments could you pl 
confirm the scientist’s conclusions? 


8. What have you used in your experimental plan that was not avail- 
able to the scientist? 


to 


ауе at hand when he investi- 


t probably have in mind as he 


an that make it possible to 
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In addition, questions which involved an understanding of the specific 
science content in the paper were also included in the guide. 

The students received copies of the papers to be considered and the 
accompanying questions approximately two days prior to class discussion. 
In class the students had before them both the paper and the completed 
questions. The teacher then gave a brief description of the historical 
background pertinent to the paper being analyzed. The answers of indi- 
vidual students to each of the questions served as the framework around 
which discussion of the significant aspects of the papers proceeded. 

The regular use of these research papers does not diminish student 
achievement in terms of subject matter. Baumel* found that students 
who studied biology in classes where research papers were used per- 
formed as well, on a standardized biology achievement test, as did 
students who had spent full time in covering the usual course content. 

Those students who read and analyzed the research papers were 
invited to express their reactions anonymously to this technique in a 
free response type of questionnaire. Many of the students believed that 
their conceptions of science and scientists had changed as had some 
aspects of their behavior. A typical comment was “I got to feel as if I 
was in the scientist’s shoes, making all the experiments and decisions.” 

The experiences of the authors in using research papers in secondary 
school biology and chemistry classes indicate that this is an approach 
which appears to be on the right track toward the development in 
students of the attitudes, appreciations, and understandings inherent in 
the ways scientists work. 


’Howard В. Baumel. “The Effects of a Method of Teaching Secondary 
School Biology Which Involves the Critical Analysis of Research Papers of 
Scientists on Selected Science Education Objectives.” Doctor's Thesis. New 
York University, New York, New York. 1963. 


935 


Teaching Science 
by What Authority?* 


Warren L. Strickland 


Do you recall from your professional education courses this 
most simple behavioral definition of education: “To teach students to 
do better that which they will do anyway”? Recently I asked various 
subject-matter teachers at the high school level what it is they believe 
their students are learning to do better. The English teachers replied 
that their students learn to read, write, and speak—in short, to commu- 
nicate better. The industrial arts teachers said that their students learned 
to use tools and make things in better ways. Mathematics teachers sug- 
gested that their students learned how to apply mathematics better in 
our technical and industrial society. Social studies teachers indicated 
their students learned to do those things that made them better voters 
and citizens. Business teachers suggested that their students learn to do 
better processes (like typing, for example) that help them to perform 
in the business world. 

When science teachers were asked what their students learn to do 
better, most initially mentioned such things as manipulating equipment, 
understanding scientific words, understanding what a scientist does, and 
understanding facts and principles. When each was reminded that the 
question explicitly involved what it is that their students learn to do 
better, most, but not all, indicated that critical thinking and problem 
solving were the important things their youngsters learned to do. 

However, it was difficult to see how most of these teachers accom- 
plished this in their classroom lectures, discussions, laboratory activities, 
or the use of their textbooks. Nor, with few exceptions, could the 
teachers present an organized program for helping their students think 


critically and solve problems that was congruous with actual procedures 
in their classrooms. 


°Reprinted from The Scienc 


е Teacher, У. 31, No. 6, Oct., 1964, pp. 23-25. 
©, by permission. 
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My thesis is that much of our difficulty in teaching for critical thinking 
and scientific problem solving lies in the all-too-general acceptance by 
the teacher of himself and the textbook as the primary authority for 
learning science. A way out of this difficulty might well be to re-orient 
the classroom activities so that the authority for learning science becomes 
nature itself. 

How would classroom procedures change if nature becomes the au- 
thority for learning? To best illustrate this, we shall refer to a stereotype 
of teaching in which the teacher and the text are the authority for 
learning. This stereotype will be compared to the type of teaching that 
might follow when nature is used as the authority for learning. The 
following chart has been spaced after the various components so that 
the discussion can immediately follow each aspect. 


AUTHORITY 

TEACHING-LEARNING ‘Tas TEAR Тин 

С г ann 

eee TEXT NATURE 

Principal technique Telling Creating experiences 

of teacher (laboratory) 
Principal technique Memorizing, doing Experiencing 

of student type problems nature 


When the teacher is the authority for learning, he need only impart 
his knowledge to his students, and they will have “learned science.” 
Applying this concept, the teacher's primary function is to tell. When 
the technique of the teacher includes use of a text as the authority or 
an alternate authority, the students read and discuss, and thus again 
they have “learned science.” It is somehow difficult to justify using the 
Procedure of “telling” as a method of helping young people to think 
critically. However, with nature as the authority for learning, a teacher's 
Primary activity is helping the students to come to grips with nature 
itself in a purposeful organization of laboratory experiences. 

We cannot say without qualification that memorization of scientific 
facts is of little consequence to the science student. We can say, how- 
ever, that memorization is not of itself conducive to critical thinking 
Ог to scientific problem solving. Memorization of teacher- and text-given 


THE TEACHER—THE 


TEACHING-LEARNING 
TEXT NATURE 


COMPONENTS 


Problem solving Е Deductive 


Inductive and 
deductive 


Principles may lead the teacher to devise problems where the student 
must use these principles to explain phenomena not previously studied. 
This is the deductive method. “Why does a gun “іск?” (The student 
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applies Newton’s action-reaction law.) “What might the cross between 
a dominant white- and a recessive red-flowered plant produce?” (Student 
applies Mendel’s laws of heredity.) However, the student may also be 
given a technique for solving certain kinds of problems, Mendelian boxes 
for heredity problems, or perhaps, parallelograms for doing vector force 
problems. His ability to use these techniques in “type problems” is too 
often interpreted as the student's ability to do scientific problem solving 
and to think critically. 

On the other hand, when nature is the authority for learning, the 
teacher has the opportunity to provide experiences where the student 
can generalize from his observations and form the principles himself. 
This is the inductive method. For example, the teacher can select for the 
students a variety of experiments in which nature exhibits the properties 
that Newton described as “action and reaction.” If the students have 
not been told this generalization previously, they can indeed generalize 
to the principle itself. 

Some teachers call this inductive process “discovery,” actually те- 
discovery, and encourage their students to “discover” most generaliza- 
tions for themselves. Mendel’s laws can be discovered inductively by 
encouraging the students to generalize from actual plantings and through 
mounted specimens of the parent and offspring organisms, 

Teachers who have used this rediscovery approach to encourage 
critical thinking and problem solving from nature, have been happily 
surprised by the sophistication and ability to generalize by almost all 
of their students, regardless of apparent academic ability. This is not 
unexpected, however, since our students have been employing the in- 
ductive method intuitively much of their lives. In their adjustment to 
family and community, they generalize on what is acceptable behavior. 
Very early we all generalized on the law of gravity after spilling milk, 
falling, and other experiences. Youngsters early generalize on stability, 
and they place irregular objects on their broadest bases. All students 
have made many such scientific generalizations from their own observa- 
tions of the way nature works. 


TEACHING-LEARNING 
COMPONENTS TEACHER—TEXT NATURE 


Laboratory activities Verifying Generalizing 

It is all too easy to find laboratory manuals of the stereotype shown 
in the illustrations. In this kind of presentation, the manual itself is the 
authority, and what the student seeks in nature is merely a verification 
of what the manual says nature is like. No wonder that students say, 
“This experiment (nature) didn’t work out the way it was supposed to 
work!” There is little room for inductive reasoning when a student must 
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41. OHM'S LAW 


Dr. G. S. Ohm (1787-1854) investigated ond stated the relationship of current, 
voltage, and resistance in on electrical circuit. This relationship, now known os Ohm's 
low, is one of the most useful tools in designing ond maintaining circuits using electrical 


energy. 


Object: To show thot the strength of an electric 
current depends on the amount of voltage in the 
circuit and thus to clarify Ohm's Law: 


Ohms - _ Volts 
Ampere: 


Materials needed: 25-ohm, 10-watt, wire-wound 
resistor, DC ammeter 0-0.5 range, ОС voltmeter 
0-10 volt range, 6-volt battery, 1 1/2-volt 
battery, porcelain switch, and wire. 


Procedure: 
-Builda circuit like the one diagramed above. Check the circuit carefully and then 

throw the switch momentarily noticing whether the pointers on the meters read up scale. 

If they read down scale, reverse the connections on the battery. 

2. Vary the voltage using the é-volt battery ond the 1 1/2-volt battery. What hoppens 

to the omperage?_ 

How does this verify Ohm's Law? 


vi. 


THE EARTH'S ATMOSPHERE 


. WEATHER AND CLIMATE 


1. What factors affect our daily weather? а 
b, c 


2. How can you s? 
A convection box like the one sketched 
here may be used to show that warm air 
rises. Hold а piece of smoldering paper 
towel over chimney А. 


а) What happens to the smoke? 


b) What happens to the smoke when the smoldering paper is held over 
chimney В? 


с) Conclusions 6 


seek to have nature work in such a way that it will verify a statement 
in a book. 


TEACHING-LEARNING 
COMPONENTS TEACHER—TEXT NATURE 


Basis for testing Verifying, memory Applying 
generalizations 


Stereotype tests require that the student recall an appropriate response 
previously given to him by the teacher or the text. Such test items are 
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easily constructed and do provide a means of testing a student’s ac- 
quaintance with the facts of science. However, there is little opportunity 
in such tests for the student to evaluate a situation and respond to it, 
nor is there any opportunity to solve problems other than “type prob- 
lems.” But when nature is the authority for learning, testing can be 
based upon whether a student is able to explain new phenomena with 
the generalizations he has reached through his laboratory experiences. 
For example, a student may be asked to show in his own words under- 
standing of such phenomena as: “A man has the wheels of his car 
balanced.” The student applies his own generalizations learned in the 
laboratory about the center of gravity. He may respond, “The center 
of gravity is moved to the center of the wheel and thus the weight 
(mass) will be distributed equally. The wheel is balanced and will 
spin without vibration.” “Two dominant brown-haired parents give birth 
to a blonde-haired child.” The student may apply his previously dis- 
covered generalizations about heredity and respond, “The parents were 
probably hybrid for brown and blonde hair traits.” 

In the life sciences, teachers may have their students apply their 
generalizations to superstitions. For example, the old belief that the 
“hairworms” found in water troughs where horses drink come from 
horse hairs. (The student essentially describes the concept that life 
comes from life, and these “hairworms” might have come from eggs 
carried by the horse’s mouth from some other place. ) 


TEAcHING-LEARNING 
COMPONENTS 


TEACHER—TEXT NATURE 


Measurement Nature and type Nature and statis- 


problems tical compromise 
Little compromise Tends to be 

with text SPECULATIVE 
Deals in 

ABSOLUTES 


When the teacher or the text is accepted as the 
there is usually only опе answ 
That answer is the one provi 
nature is the authority there 
measuring and remeasurin 
tendency, me 
example, does not describe a 
statistical compromise. Wheth 
an ear of hybrid com to arri 
ing the periods of a pendulu 
dulum, the student, like the 

“Explaining more and т 


authority for learning, 
er that is acceptable for each problem. 
ded by the teacher or the text. When 
is no “answer,” only the results from 
g. These results provide a statistical average, 
an, or some other composite measurement, An average, for 


particular event, rather it is a speculative 
er averaging the white and dark kernels on 
ve at a Mendelian generalization or averag- 
ım to arrive at generalizations about a pen- 
scientist, is making statistical compromises. 
ore (phenomena) with fewer and fewer- 
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TEACHING-LEARNING 
COMPONENTS TEACHER—TEXT NATURE 
Assets May cover much Science is process— 
information, explaining more 
Evalua- primarily as facts and more with 
tion and principles fewer and fewer 
generalizations 
Liabili- Science becomes a Frequently general- 
ties body of knowl- izing and from too 
edge that should few experiences 
be memorized and too few sets 
of conditions 
>с == 


generalizations” is indeed the very essence of the modern scientific 
enterprise. If our students are to learn what science is all about and if 
they are to do scientific problem solving, they might well be given 
the opportunity to seek generalizations from nature in the high school 
science classrooms. 

There is an old Chinese proverb which may be roughly translated, 
“If I hear, I forget; if I see, I remember; if I do, I know!” By using 
nature as the authority in your classroom your students will do, and 
they will know, and as a result they will learn to practice critical 
thinking and scientific problem solving, and to do better much that 


they will have to do anyway. 
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The Study of Teaching 
and the New Science Curricula* 


Maurice Belanger 


Persons involved in the teaching of science would probably 
characterize the past decade by the extensive activity in curricula 
development. The same period has also been a time of considerable 
fruitful work in another area, no less important but perhaps less well 
known—the study of the classroom behavior of teachers, 

About ten years ago а quiet revolution began to be reflected in 
various educational journals when critical review papers scanned the 
history and status of the study of classroom teaching. (Levin 1954, 


Rabinowitz and Travers 1953, and Symonds 1950 [6, 8, 11]). Two gen- 
eral criticisms were prevalent: 


First, researchers had sought to find a simple factor, either of the act 


of teaching or of the teacher as а person, to account for the learning of 
pupils. Despite the hundreds of studies conducted over a 50-year span, 
THE factor of teaching or of the teacher had not been found, and more- 


over, said the critics, such endeavors were likely to continue to be un- 
productive. The simple styles of one 


during the 18th and 19th centuries in 
insufficiently powerful to de 
teaching, 


A second criticism centered about the premature attempts, brought 
about in large measure by the merit-rating movement, to evaluate teach- 
ing. Various studies and merit-rating programs, utilizing evaluation 
devices based on ad hoc global criteria of teaching, not only failed to 
add to our knowledge of teaching, but tended to alienate teachers 
toward classroom observation when such observations were associated 
with retention, increase in pay, or promotion. 

These two criticisms are of interest today, for there appears to be 


-to-one correlation so successful 
studying the physical world, are 
al with the varied and complex acts of 


"Reprinted from The Science Teacher, V. 31, No. 7, Nov., 1964, pp. 31-35. 
©, by permission. 
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doubt that methods can be devised and used profitably in an attempt 
to find orderly patterns in such a multifaceted phenomenon as teaching. 
There is still а question of whether the acts of teaching can be studied 
dispassionately in their own right as behavioral phenomena without 
passing judgment on an individual teacher. 

It might be expected that science educators would be receptive to 
viewing classroom teaching as a unit of experience susceptive to analysis 
by carefully designed observational procedures. Indeed, a number of 
observational devices had been designed in the 19305 and 19405 by 
persons in science education. However, these methods do not appear 
to have been taken up by others, and what research was conducted 
using particular procedures tended to be one-shot studies. Moreover, 
the collection of classroom data is a laborious affair in its own right, 
and, without a sound rationale to guide in the selection and interpreta- 
tion of masses of data, tended to result in scattered inferences that were 
difficult to relate in the absence of a conceptual framework. 

Two changes appear to have taken place in the past decade concern- 
ing the study of teaching. Admittedly teaching is complex, like other 
expressions of human behavior. However, this complexity can be re- 
duced to manageable proportions by a judicious selection of particular 
behavioral acts of teaching. These particular acts render it highly prob- 
able that their analysis will shed light on a problem within a general 
framework. 

The first change, then, has been a more careful consideration of what 
selected aspects of teaching to study, what data to collect, and what 
to do with the data once it has been collected. A general framework 
for the study of teaching does not yet exist, and studies still tend to 
deal with a variety of factors difficult to relate. For theoretical discus- 
Sions see Biddle and Ellena (1964 [2], and Silberman (1963 [10]). A 
Second change is largely a change of purpose. The study of teaching 
is not aimed directly at administrative evaluation, but is aimed at 
increasing our knowledge about teaching. 

It is important to realize that recently developed methods for studying 
teaching represent, at best, work in progress. There is no single factor 
of teaching, and similarly there is no single method for studying teach- 
ing. A few procedures, however, appear to offer promising leads for 
dealing with a matter associated with the new science curricula. It is to 
the latter consideration we turn first. 


MODIFICATION OF STYLE 


There is a fair amount of evidence to suggest that after a few 
years of teaching a teacher develops a personal style of teaching that 
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remains relatively stable over time. Very little is known about what 
happens to a teacher's classroom performance when new knowledge or 
new situational factors are introduced to the teacher. Factors would 
include, for example, further study in science, psychology, or education, 
changes in physical facilities, new arrangements of school organization, 
and new curricula. Modification in classroom performance of a teacher, 
after or during experience with such matters, is very likely not an “all 
or nothing” change. For no change in classroom performance to occur 
is painful to speculate, and for a dramatic change to occur is too altru- 
istic in view of the stability of human behavior. It is plausible that for 
some teachers little or no change occurs, for others a major modification 
may take place. For the majority, however, two speculative hypotheses 
are suggested: (1) change by “hybridization,” and (2) change by “suc- 
cessive approximation to maximum tolerance.” 


Mr. SMITH INVITES Enquiry 


Perhaps a hypothetical example would be helpful before offering 
a further discussion of these speculations. Let us assume that Mr. Smith 
has been teaching a traditional biology course for ten years. During а 
summer he attends a science institute, As a part of this institute he learns 
about Schwab’s “Invitations to Enquiry.” He reads material in the 
BSCS Handbook, the instructor demonstrates an exercise with the adult 
students, and Mr. Smith is intrigued. Although BSCS Biology will not 
be introduced in his school for another year, Mr. Smith sees the oppor- 
tunity to try out the “Invitations to Enquiry” with his students. If we 
had observed Mr. Smith’s classroom teaching over a period of several 
classes prior to the institute, a few patterns of Mr. Smith’s teaching style 
would have emerged. He is very much in control of his class, control 
not simply in the sense of discipline, but more broadly conceived. Mr. 
Smith asks almost all of the questions, he answers the students’ ques- 
tions, he passes judgment, he makes evaluations, and he raises critical 
points. He is, in fact, a master of the directive style of teaching, and his 
students consider him to be a magnificent teacher. 

Some time after the institute, Mr. Smith introduces Schwab’s “Invi- 
tations to Enquiry.” (Whether or not this is appropriate is not the 
point.) We again visit Mr. Smith and observe that he asks all of the 
questions for the first quarter of the lesson. The students then begin to 
raise questions, and Mr. Smith answers these, he makes judgments, 
evaluations, and raises critical points. In short, he is in full directive 
control. Over successive lessons we note that gradually Mr. Smith turns 
over more of the question asking to students, student questions аге 
more frequently turned back to students, a few times he asks the 
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students to make judgments, and students raise critical points which are 
followed up by Mr. Smith's questions. In these lessons a new pattern 
begins to emerge, still highly directive teaching, but more indirective 
patterns are apparent. The old pattern is changing form, a hybrid of 
new and old. In further exercises, more change to an indirect pattern 
takes place, and by successive approximations Mr. Smith’s style is grad- 
ually changing into a DIRECTIVE-INDIRECTIVE style. 

During one exercise Mr. Smith raises a few questions, and he is 
flooded by student questions. Students begin to suggest hypotheses and 
question one another in an orderly fashion. (Mr. Smith seems pleased.) 
A student makes a suggestion which is eagerly accepted by the others, 
and they pursue this avenue of discussion. Mr. Smith sees a new point 
to introduce in the discussion. The students ignore this and pursue the 
student question. Mr. Smith asks a question, which is quickly answered, 
and students return to the point under discussion. (The teacher appears 
uneasy.) Two students begin to argue about the interpretation of a set 
of data. Mr. Smith interrupts and offers an evaluation. The students 
return to their argument. The pattern in this class is almost totally 
indirective, and for Mr. Smith at this particular time, the point of maxi- 
mum tolerance for indirect teaching has been passed. He stops the 
discussion, states the argument is not a fruitful one, and asks a question 
to start a new track of discussion. The class continues characterized by 
the hybrid style, more directive than indirective, at a level which the 


teacher can tolerate. 


New CURRICULA AS CHANGE FACTORS 


This pat and oversimplified example may serve to illustrate one 
form of hybrid style along a dimension, of directive-indirective style, 
and the intent of the phrase “successive approximation to maximum 
tolerance.” By hybrid style is meant the emergence of new patterns 
among old patterns of teaching resulting in a new characterization. The 
illustration above dealt with a pattern of indirect-direct, but numerous 
other dimensions exist obviously. As the pattern of teaching changes 
Sradually over time, it is hypothesized that point of maximum change 
and tolerance for change occurs, and this point will vary from teacher 
to teacher. For some it will be low, for others high. 

The introduction of new science curricula appears to be a dramatic 
change factor in the teacher’s experience. Presumably it necessitates an 
alteration in the classroom performance of many teachers, The two 
tacit assumptions concerning hybrid styles and successive approximation 
(in reality still hypotheses about teaching), should become operative as 
teachers undertake the teachings of these materials. Curriculum de- 
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signers seem to be well aware that teachers may face problems in 
changing styles, for many teacher guides contain at particular points 
such suggestions as delaying the answering of student questions, ex- 
pecting and valuing student confusion at times, and in some cases go 
so far as specifying in some detail a new role for the teacher. 


OBSERVABLE BEHAVIOR 


One of the major difficulties an individual faces in attempting 
to establish new teaching patterns is to secure data based on one’s 
teaching performance. These data are needed to assess how well the 
actual performance approaches one’s own criteria. It is in this area of 
data collection that current research on teaching behavior is suggestive 
of systematic observation techniques that may be used to obtain infor- 
mation for analysis. The first step in designing or using an established 
observation technique is a careful analysis of specific observable teacher 
behavior that can be reliably recorded by an observer, and which is 
considered as an important dimension of teaching in the particular 
context. We do not know with any certainty what those important 
teaching dimensions are, and many of the current research efforts are 
attempts to investigate what these dimensions might be. Embedded in 
the documents of contemporary science curricula are a variety of teach- 
ing behavior factors which are valued as important dimensions of science 
teaching. However, no systematic analysis and classification of these 
teaching behaviors exist. Consequently, to construct ап observational 
schema one either invents dimensions of teaching behavior by intelligent 
guesswork, constructs dimensions from an analysis of a psychological 
or sociological theory, or accepts the dimensions suggested by current 
workers in the field, which may or may not be anchored in theory. 


VERBAL BEHAVIOR 


One dimension that has received considerable attention is the 
interaction of teacher talk and student talk. Here only the verbal be- 
havior of teacher and pupils is selected, and nonverbal behavior, such 
as gestures or postures, is ignored. To classify classroom verbal behavior 
in the categories of teacher talk and student talk would not provide 
much useful information, and hence a further classification must be 
devised which does provide useful information. Medley and Mitzel 
(1963 [7]) have reviewed some of the major categories and attendant 


observation instruments that have been developed based on these 
categories. 
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One of the most interesting and useful categories and observational 
techniques has been devised by Flanders. Flanders uses ten categories. 
Seven represent teacher talk. Of these seven, four categories reflect the 
indirect influence of the teacher, (l—accepts feeling, 2—praises or en- 
courages, 3—accepts or uses ideas of students, 4—asks questions), and 
three categories reflect the direct influence of the teacher (5—lecturing, 
6—giving directions, 7—criticizing or justifying authority). Student talk 
is divided into two categories (8—talk by students in response to teach- 
er, and 9—talk initiated by the students). The last category, 10, is silence 
or confusion. 

Using these categories, an observer notes in three-second intervals 
the category that best represents the ongoing verbal behavior in a class- 
room. Flanders has devised an ingenious method for summarizing the 
data in a matrix that allows selected cells or groups of cells to represent 
patterns of influence in the classroom. Furthermore, indirect-direct ratio, 
computed as number of tallies in categories 1 to 3 to the number of 
tallies in categories 5 to 7, can be used to compare teachers, or the same 
teacher in different situations. Complete descriptions of this system are 
contained in Amidon and Flanders (1963 [1]), and research conducted 
with the system has been reported by Flanders (1961, 1964 [3, 4].) 


DATA ror SELF-ANALYSIS 


It would appear that the Flanders’ “System of Interaction Anal- 
ysis” would be extremely useful as a research tool for studying the 
behavior of teachers teaching the new science curricula since superficial 
analysis of the new science curricula tends to indicate the desirability 
of greater use of indirect teacher influence in classroom interactions. 
Teachers might find the system very helpful as a way of obtaining data 
for a self-analysis of their own teaching. In collaboration with another 
teacher or with a science supervisor, successive periods of data collection 
and self-analysis might reveal patterns of direct-indirect influence and 
aid in successive approximations to the teachers own criteria. 

As another possibility, teachers could construct their own categories of 
teaching behavior which are particularly appropriate to specific science 
curricula or to certain areas of a curriculum, and devise methods for 
securing data based on these categories. For example, most of the 
teacher guides to new curricula contain suggestions to “discuss” certain 
aspects of the materials with the pupils. It would be helpful to know 
what are the categorical dimensions of these “discussions” and whether 
they differ from the dimensions of “discussion” associated with more 
traditional materials. 
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OTHER GuIDES 


Science education researchers now have available to them ex- 
cellent published materials to serve as guides to research in the area 
of teacher behavior. The reference, par excellence, is the recent Handbook 
of Research on Teaching edited by Gage (1963 [5]). Particularly rele- 
vant to matters touched on here is Chapter 6 by Medley and Mitzel. 
Research in progress, as well as discussions of methodological and con- 
ceptual problems in the area of teacher behavior research, have recently 
appeared in a report edited by Silberman (1963 [10]) and in a book 
edited by Biddle and Ellena (1964 [2] ). 

This brief survey is only intended to call attention to the importance 
of considering what events take place in the classroom between teachers 
and pupils, and to suggest a few avenues of study related to new 
science curricula. The enormous amount of input to the teacher from 
the new curricula is all directed at hopefully improving in some way 
learning by pupils. The important mediators between all these inputs 
and pupil learning are the acts between teacher and pupils. Science 
education efforts might profit if we knew more about these encounters. 
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Contrasting Techniques of Teaching 


Many teachers who actually use mainly traditional, content-ori- 
ented methods are convinced that they are already employing techniques 
of teaching that require student inquiry, investigation, and discovery. 
This is largely because they do not know just exactly what inquiry really 
involves. The articles below by Samples, Fish and Goldmark, and Ruth- 
erford examine some different ways in which topics might be treated in 
truly inquiring and investigative fashion, Juxtaposed against these dis- 
cussions, particularly in Samples’ article, is a description of how some 
teachers think they are successfully using inquiry techniques but are 
failing miserably instead. 
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Death of an Investigation* 


Robert E. Samples 


This article illustrates the differences between two approaches 
to the problem of involving students in laboratory activities in the 
science classroom. The first approach is what may be called “authoritar- 
ian,” whereas the second is often referred to as “investigative.” 

The setting is a ninth-grade classroom where students are supposedly 
determining the density of ice (ESCP Investigation P-2). The basic 
ideas, however, are applicable at all grade levels, from elementary to 
college. 

As the class period opens the teacher instructs the students, 

“The alcohol costs money, so don’t waste it. The proper way to use 
it is to pour 25 ml. of alcohol into the beaker and place the ice cube 
in the alcohol. As you notice, the ice cube will sink. Add water slowly, 
mixing it until the ice cube just floats, Remove the ice cube, weigh the 
solution, and measure its volume. This will give you the information 
necessary to determine the density of the ice cube. All right, get your 
materials and get to work. Let’s not have a mess; you're not third 
graders.” 


As the students silently proceed through the 1 
as it is being filled. 

“All right, butterfingers, let’s see you finish the lab without one of 
your beakers. Can’t you people do this kind of thing without somebody 
holding your hand? You don’t think science got this far without some 
discipline, do you?” 

The rest of the “investigation” is explosively punctuated by outbursts 
from the teacher that follow the same pattern, 


“I thought I told you to pour water into the alcohol. С; 
listen?” 


ab, one drops a beaker 


an't you people 


°Reprinted from the Journal of Geological Education, V. 14, No. 2, April, 
1966, pp. 69-72. ©, by permission. 
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“I said, take the ice cube out of the solution after it starts to float. 
You know why?” 

The students shake their heads. 

“What’s the temperature of the room?” 

A chorus of “I dunnos” is interrupted by a scattering of “70 degrees.” 

“Right, it’s 70. What is the temperature of the ice cube?” 

“Thirty-two.” It rings clear this time. 

“Okay, so you don’t want the ice to melt into the solution or it will 
change your results and the accuracy of the answer will be out the 
window. Hurry up, I want this place spotless before the bell rings. 
Watch your math and follow the instructions or you will never get the 
right answer which is .974 grams per milliliter.” 


The writer never actually heard this particular monologue, but it is 
typical of the sort of teaching in too many classrooms. At the end of a 
session like this, the teachers’ lounge probably echos with complaints 
about the lack of quality to be found in junior high students, beakers, 
and curriculum writers. In all but the first instance, the teacher may be 
right. The junior high student is intrinsically a dynamic, highly inter- 
ested human being. In a learning environment such as the one described, 
he is almost superfluous. 

First, the ritualistic recitation of the instructions had nothing to do 
with the investigation and little to do with the students, except, of 
Course, the management of their actions. In a sense they form the chess 
board upon which the game is to be played. The students cannot leave 
the confines of the pattern without being ridiculed any more than a 
rook can move 25 spaces to the left without leaving the board. The 
teacher is the mover and by innuendo guides the course of action. 

And the students? They are the mute pieces that mechanically shuffle 
through the constricting corridors created by the instructions. Like the 
chessmen, the students are different, but their motions are still governed 
by external rules. 

Is this analogy preposterous? Unfortunately, it isn’t. Things like this 
happen in classrooms and often the teacher feels that the orderliness of 
the action is a criterion for judging the quality of the “science.” It 
would seem, by this view, that science is good if the students report their 
Psychomotor obedience with an equally obedient communication effort. 
Tf you examined the total situation you would find that the “writeup” 
is an end in itself, and, being an end, the means to it should be subject 
to rigor. 

However, any teacher, even the mythical one who provided the 
monologue, would cry heresy if it were suggested that there wasn’t 
room for the students to think during an investigation. In reality the 
thoughts of the students were probably of a Darwinian survival type. 
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They recognized the teacher's stimulus and responded accordingly. The 
peripheral concepts that could have been achieved, the process of inves- 
tigation, and the basic idea of intellectual honesty, are never made 
available to the student. 

Let's be specific. The detailed instructions remove the “investigation” 
from the activity and make it a demonstration problem. The only differ- 
ence between this and more traditional approaches is that the student 
baits the hook before fishing for the answer. 

By being so specific in the instructions, “place the ice cube in the 
alcohol. As you notice, the ice cube will sink. Add water slowly, mixing 
it until the ice cube just floats,” the teacher removes the exercise from 
the realm of science. The students should have been permitted to dis- 
cover the need for controls such as “slowly mixing until the ice cube 
just floats.” Such precisely phrased instructions may make the student 
wonder why it is necessary to mix the water with the alcohol. The 
teacher might answer that the densities of alcohol and water are differ- 
ent, so it is necessary to mix them. Since this is true, why not allow the 
students to establish the truth themselves? 

The reason for the second instruction, “Remove the ice cube, weigh 
the solution and measure its volume,” is provided when our mythical 

‘.. . you don’t want the ice to melt into the solution or it 


teacher says ©. 
will change your results and the accuracy of the answer will go out the 


window.” 

Because equilibrium is a scientific concept of such stature, why not 
let the students discover it for themselves if at all possible? In the 
discourse, the teacher stresses the sanctity of the answer several times, 
even suggesting a value of .974 g/ml. It is highly probable that most 
of the students will manipulate their data until the lie .974 g/ml. 
appears on their papers. After all, the handwriting is on the wall. The 
bubbles that were in their ice cubes, and which really gave them a 
value of .914, will be ignored, as will the other variables that should 
have affected their results. The accuracy of their measurement of mass 
and volume of the solution may also be ignored 
getting the “right” answer. 

In short, all the science involved in the investigation will have been 
sacrificed for adherence to the recipe. No one will have realized that 
more science went into writing the recipe than in following it. 

This point of view might rightly be termed idealistic and dismissed 
with the comment, “that approach looks good on paper, but it’s impos- 
sible in a real classroom.” After all, the critics might add, junior high 
students are too immature to perform without rigorous guidance. And 
more certainly, they must be guided through the material to be covered. 

There is little that can be said to a teacher whose attitude demands 
rigid adherence to the rules. The very foundations of such an attitude 
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if they interfere with 


are rooted in two disputed notions. The first notion conceives of science 
as a veritable mountain of information over which novices must be 
guided by rigorous routes. The second conceives of scientific inquiry 
as a rigid methodological pattern of behavior. The precision of per- 
formance and adherence to “the routine” would be the criteria for 
evaluation under these concepts. 

These notions project an image of science and inquiry that modern 
science curricula are attempting to erase. By modern educational stan- 
dards, science must be presented as both inquiry and the knowledge 
gained by inquiry. The knowledge is never an end in itself, but a step- 
Ping stone to further inquiry. 

How can a teacher participate in the investigation described earlier 
and sponsor inquiry in a more effective manner? 


“What do you people see here on the table?” 

“Two beakers of water.” The class members at their places view 
these beakers at the teacher's demonstration table. 

“What would happen if I put ice cubes in the beakers?” 

“They would float.” 

The teacher then places an ice cube in each beaker. In one beaker it 
floats, and in the other it sinks. The excitement generated by this “anti- 
intuitive” event is at once apparent by the excited murmur throughout 
the room. 

“What's wrong?” the teacher asks. 

“One of those beakers contains some pretty silly water.” 

“One ice cube is heavier than the other.” 

“The cube that sank is not ice.” 

The responses of all the students are directly related to the nature of 
the materials that are viewed. They are mildly frustrated by being 
unable to touch and handle the materials. This kind of reaction is gen- 
erally true of student response to demonstrations of any kind. . 

“What can I do that will allow you to check some of your ideas? 
The teacher asks the question only after he is sure that the students 

ave exhausted a good supply of possible explanations. 

“Switch the cubes,” one student challenges to a chorus of approval 
Tom his peers. 

The teacher switches the cubes and the results are the same, The 
Cube sinks in the same liquid in which it had sunk previously and 
floats in the same liquid in which it had floated before. 

“The ice cubes are the same,” a student offered, “so the liquids have 
to be different.” 

“I told you it was silly water,” said the student who originally pro- 
Posed this notion. 

“Well, we proved it couldn't be the cubes,” said others. 
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“Since you people have worked with calculating the densities of 
different materials, can we make some kind of a statement about the 
densities of these things we are viewing?” 

After a bit of further discussion, the students decide that they can 
rank the density order of liquids on the basis of ice. The liquid in which 
the ice floats is denser than ice, and the liquid in which it sank is less 
dense ап ісе. The teacher writes these relationships on the board. 

“Okay, here’s your assignment: Using these liquids, which are, by the 
way, water and rubbing alcohol, you will measure the density of an 
ice cube. You will need scales, beakers and the liquids. Go to it.” 

From this point on, the teacher’s role is to act as director of inquiry 
who turns student questions back on the results of the demonstration, 
their knowledge of the technique of measuring density, and their own 
ideas as to how the problem might be solved. Several groups decide on 
different ways of solving the problem; they are concerned at first about 
the differences in their approach. The teacher tells them that they 
should try what they proposed and evaluate the results, There is not, 
he assures them, an only way to reach the solution. 

Throughout these multiple approaches the students “discover” the 
variables that might affect their results, such 
the alcohol-water solution mentione 
become aware of the change in volume of the ice while the mass is 
being measured on the scales. The materials themselves guarantee that 
these variables will become apparent. 

What fundamentally was the difference in the two approaches? In 
both, the students were doing something. In both, they were manipulat- 
ing materials. Both would be categorized by an outside observer as а 
laboratory approach to science. So again, let us ask what the difference 
in approach is. 

In the first classroom, the students performed as the teacher told 
them to. In the second, they performed as they thought they should 
perform. In the first, science was being done by recipe; in the second, 
it was being done by inquiry. If the students gained confidence in any- 
thing in the first classroom, it was in the safety of following the teacher's 
instructions. In the second, it was likely that they gained confidence 
in using their own minds in the process of inquiry. 

Perhaps the most discerning summary of discovery-type inquiry was 
stated by Bruner (1963). Bruner describes the advantages of discovery 
learning under four headings: (1) the increase in intellectual potency, 
(2) the shift from extrinsic to intrinsic rewards, (3) the learning of the 
heuristics of discovering, and (4) the aid of conserving memory. 


as the melting of ice in 
d by our first teacher. They also 


Increased Intellectual Potency. Discove 


ry learning increases intellectual 
potency by allowing students to recogn 


ize fundamental order and rela- 
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tionships through their own framework of perception and .experience. 
Rather than receiving the order through the perception of the teacher, 
who in turn probably received it through the perception of scientists, 
the student perceives real order because it happened during his inquiry. 
The relationships perceived by direct inquiry will be much more rele- 
vant than any recipe-type order handed down in terms of content or 
process. 


Shift from Extrinsic to Intrinsic Rewards. Quoting Bruner’s introduction 
to this section, we find the essence of this advantage of discovery 
learning: 


“Much of the problem in leading a child to effective cognitive activity 
is to free him from the immediate control of environmental rewards and 
punishments” (p. 87). 


In the first classroom the students were operating in an environment in 
which their observance of the teacher's rules provided the reward. In 
the second, the extent to which they used their minds was much more 
closely related to the reward pattern. In the first, the environment 
defined their course of action. In the second, their course of action 


defined their environment. 


The Heuristics of Discovery. It is only through the process of making 
discoveries that a student will be able to learn how to make discoveries. 
If, through discovery, a student defines his particular style of inquiry, 
then it is probable that the style will become part of this thought 
Process in the face of further inquiry. 


Conservation of Memory. The body of information composed of facts 
that are “stored” in our memories is often considered to be the knowl- 
edge we possess. This view has retarded progress in science education 
more than most other notions. We are all alert to those things which we 
“memorized” dozens of times and promptly forgot. Certain facts have 
hot been forgotten, and this is most often related to the use of these 
facts, In order to use information, it must be “retrieved from storage, 
to use Bruner’s terminology. The retrieval process is enhanced by dis- 
Covery-type inquiry and thus memory, as such, is similarly enhanced. 

f as seems likely, these notions have validity and are the results of 
discovery-type inquiry, then what can be our role as teachers of sci- 
ence? It appears that to teach science we must retain the intellectual 

Onesty of science in our teaching. If science is inquiry and its knowl- 
edge is the product of inquiry, then we must allow the students to 
inquire. 

It is difficult to relinquish the role of alerting the students to the 
elegant logic of the teacher's mind. But we must, for what we really 
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want is for the students to become confident in the use of their own 
minds. We want their minds to become facile enough to enjoy the 
tentative and adhere to the restrictions imposed by the nature of scien- 
tific inquiry, rather than the restrictions imposed by the recipes offered 
by authoritative teaching. The excuse that “there isn’t enough time to 


teach this way” is not valid, for there is too little time not to teach 
this way. 
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Inquiry Method: Three Interpretations 


Alphoretta S. Fish 
Bernice Goldmark 


Inquiry is receiving considerable attention as a method of 
changing behavior and attitudes through elementary school science 
instruction. Many interpretations of how experiences with inquiry can 
function to change behavior have been made. Three of these interpre- 
tations in which a definition and method of inquiry have been structured 
were described at the National Science Teachers Association Southwest 
Regional Conference in Tucson, Arizona, October 28-30, 1965, by 
Arthur Costa, Director of Instructional Services, Sacramento, California; 
Ben Strasser, Consultant, Elementary Education-Science, Los Angeles 
County, California; and Alphoretta Fish. 


SELF-DIRECTED INQUIRY 


Arthur Costa, addressing himself to Suchman’s inquiry training,’ 
gave the following explanation of the techniques of inquiry: 

J. Richard Suchman’s inquiry program is designed to enable the 
learner to direct and control his own learning. To do this the teacher 
must provide the climate and conditions necessary, structure the process, 
organize the sequence, and assist the pupil in evaluating his own prog- 
ress. Thus the teacher is seen as a facilitator, and the child as a 
“programer” of his own learning. 

The conditions which Suchman describes as necessary for self-directed 
inquiry and which must be provided are: freedom and a responsive 
environment. 


"Reprinted from The Science Teacher, У. 33, No. 2, Feb., 1966, pp. 13-15. 
©, by permission. 

1Dr. Suchman is Acting Director, Division of Elementary and Secondary 
Research, Office of Education, U.S. Department of Health, Education, and 
Welfare. He is on leave from the University of Illinois. Mr. Costa’s remarks 
have been supplemented by material from Dr. Suchman. 


ORT 


Once the inquiry is initiated by the student, the teacher’s task is to 
establish the conditions that will sustain the inquiry. The child must be 
free to decide for himself what data will be needed to find this new set 
of explainers. This means that no psychological pressures can be exerted 
on the child with teacher-questions. It also means that there be no 
competition among the children, no extrinsic rewards, no stress on 
grades. It is only when the child is free from pressures, when he has a 
favorable physical and social environment in which to work, that he can 
proceed with inquiry. When these pressure conditions are removed, the 
child can become involved in inquiry and excited by it, “caught up” in 
the process. 

The teacher has the further task of providing a “responsive environ- 
ment” for the child. He must make available data that the child might 
need for testing the theory with which he is operating. The process of 
inquiry which Suchman has structured is a process of formulating theo- 
ries and testing them through experimenting and data gathering. 

More than just creating the conditions to stimulate and support 
inquiry, the teacher helps the children to examine the inquiry process 
itself, to come to understand how knowledge comes into being, where 
theories come from, and how they can be appraised. By inquiring into 
inquiry, the learner becomes more aware of what he knows, how he 
knows it, and how to go about acquiring new knowledge for himself. 
In effect, inquiry training shifts the leamer from a consumer of knowl- 
edge toward being a producer-consumer. This gives him more degrees 
of freedom as a learner since he can use and evaluate the theories and 
conclusions of others without being a slave to them, and he can generate 
his own theories and conclusions when this brings him more meaning. 

The goals which Suchman sets for this program are: (1) stimulating 
and supporting the pursuit of meaning, (2) creating the conditions that 
make this pursuit possible and productive, and (3) bringing about 
inquiry into inquiry itself to help children become purposeful and 
effective inquirers. 


INQUIRY INTO SCIENCE TEACHING 


Ben Strasser described an approach related to inquiry into sci- 
ence teaching. His frame of reference was a teacher's self-examination 
of his own teaching behavior. One aspect of the examination js locating 
what it is learners do when they inquire. A second aspect of the teach- 
ers inquiry is to become aware of the behaviors he exhibits that 
stimulate learners to do the kinds of things anyone does when he “sci- 
ences.” Hence, the inquiry into science teaching involves a systematic 
examination of one’s own teaching behavior in an attempt to extend 
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one’s awareness of the range of and the consequences of one’s behavior 
upon a given group of learners. 

This approach views teaching as a truly dynamic process. According 
to this notion, the roles of the teacher include observing the learners, 
their actions and interactions; interpreting such data about the learners; 
making diagnoses in terms of the learner, the situation, and the goals; 
and behaving in terms of the diagnoses made. Thus, teaching is viewed 
as inquiring, though not inquiring for the learner, but rather about him. 
Of this approach, we might say it was inquiring into science teaching 
as inquiring! 

Mr. Strasser suggested that one way we may begin our own self- 
examination is to focus attention, at first, on the way we use questions 
in the instructional situation. The kinds of questions we use determine 
the kinds of operations the children will perform. The questions we use 
outline the kinds of thinking, observing, and other behaving responses 
of the learners for which we, their teachers, search. Therefore, through 
looking at the various kinds of questions we ask, we can begin to build 
a picture of our own teaching behavior. Do we ask only questions 
which demand recall and then convince ourselves we are giving children 
opportunities to engage in higher level thinking? Do we ask only those 
questions which call for our answers and then convince ourselves we 
are stimulating divergent, creative behaviors in the children of our class? 
Do we often wait after our questions to give our students time to think, 
without jumping in to give them clues—just to keep the “noise” going? 
Over a period of several lessons, do we ask a variety of kinds of ques- 
tions which stimulate the range of behaviors we may readily identify as 
aspects of sciencing in science education? 

Strasser concluded his presentation with the idea that inquiring into 
science teaching is a never-ending process. As we begin to understand 
more about our own behaviors, the more new goals and ways of working 
we identify. And, looking at the ways we use questions as well as at 
the questions we use may be one way to begin inquiring into the com- 
plex, dynamic, interactive process we call science teaching. 


Inqumy TEACHING As METHOD SELECTION 


Alphoretta Fish indicated another level to which inquiry can 
be taken, In this model inquiry shifts from the level on which alternative 
methods of science inquiry are focal, to the level on which decisions 
about which methods to select are focal, as shown on the following 
diagram: 

LeveL II: Judgments about alternative methods of science inquiry 
LeveL I: Alternative methods of science inquiry 
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In this approach to inquiry pupils make the decisions about the method 
to use in their science inquiry, experience the consequences of their 
decision, and assess the consequences by inquiring into the science 
inquiry methods which produce the consequences. 

Pupils are guided to expand experiences and reconstruct method by 
encountering a discrepancy in the method about which they have made 
a judgment. 

Inquiry could be structured in the following way. 

One. When the teacher gives the pupils magnets and asks, “How 
can the way in which magnets interact be described?” she allows the 
pupils to decide upon a method of describing. Suppose the pupils make 
a decision to describe what happens when magnets interact and discover 
that sometimes they “attract” and sometimes they “push away.” When 
the teacher asks the pupils to predict what will happen if she brings 
a magnet toward a suspended magnet, she introduces a discrepancy 
which points up the inadequacy of the method selected. Pupils become 
dissatisfied with the method they selected, because they realize the 
possibilities for prediction are limited. 

At this point the pupils experience a “dissatisfaction” and a “need” to 
reexamine the magnets to “see” them in a new way, to select another 
method of describing—in short, to inquire anew. Hence inquiry is con- 
tinued, and pupils discover that there are conditions under which mag- 
nets attract and conditions under which magnets “push away.” 

Two. In the next phase of the lesson the teacher guides the pupils 
to inquire into the two experiences they have had with science inquiry. 


First, the components of each experience are organized as shown on 
Chart 1. 


1. ORGANIZATION OF INQUIRY EXPERIENCES 


WHAT Questions WHAT Means WHAT METHOD 


WHAT CONCLUSIONS 
DID WE ASK? DID WE USE? 


DID WE SELECT? (ENDS) DID WE REACH? 


A. What happens Random Observation 
when magnets manipulation 
interact with of magnets 
each other? 


Magnets attract 
and repel each other 


В. Under what Systematic Recording 
conditions do manipulation conditions 


magnets inter- of magnets of change 
act? 


Like poles of a 
magnet repel, unlike 
poles attract 


By having the children “revisit” the questions, те 
ends they used in each instance, the te 
formulate relationships about which qu 


ans, methods, and 
acher enables the children to 


estions may be asked in the 
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future. In this way children expand the relations they make with each 
new inquiry. 

Three. Next, pupils are guided to evaluate their experiences. As shown 
on Chart 2, the judgment to select one type of question and one method 
rather than the other is made by assessing the consequences (or, more 
exactly, the means-ends-method) of the questions and methods used. 


9. EVALUATION OF INQUIRY EXPERIENCES 


EVALUATION EVALUATION EVALUATION EVALUATION 
QUESTION MEANS METHOD Емрѕ 
Which was the Revisit the Inquiring Building criteria for 
better method two methods into alternative evaluating the two 
for describing used, asking: science inquiry methods: 
how magnets 1. What did we methods used 1. The method 
interact with do in each (Comparing leading to a 
each other? inquiry? the means- description of 
(What were our ends-methods conditions gave 
(Which was science inquiry of each) us more informa- 
the “better” means?) tion and there- 
science inquiry 2. How did we fore allowed for 
method?) do it? greater 
(What were our prediction. 
science inquiry 2. Prediction 
methods?) can be used as 
3. What did we a criterion for 
conclude? judging science 
(What were the inquiry methods. 


ends of each 
science inquiry?) 
(Shown on Chart 1) 


This inquiry into the two science inquiry experiences is a second 
level of inquiry. Here the children are building criteria for judging alter- 
native methods of inquiring in science. The inquiry can also be taken to a 
third level on which the children would then evaluate the criteria they 
have built. (An explanation of procedure at this level, however, was not 
included in the discussion at this conference. ) 

Four, The final task of the teacher in the inquiry into inquiry method 
phase of the lesson is to guide the pupils to “see” how the inquiry can 
be continued, to further expand “meaning,” and to reconstruct method. 
By asking, “What other questions might we ask about magnets?” the 
teacher can guide pupils to ask some of the following questions: How 
do magnets interact with non-magnets? How do magnets interact with 
energy—for example, heat? How do magnets interact with the earth’s 
magnetic poles? How do magnets interact with air and water? Here, 
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pupils are also provided opportunity to “see” how alternative questions 
lead to the relating of alternative means-ends-methods in their inquiries. 
As they evaluate their methods of inquiring, they can build further 
criteria for judging methods of science inquiry, such as consistency and 
simplicity. 

The point is that we should not be content with methods which result 
in the making of a single relation between (1) “object” or “event” and 
(2) “meaning.” Obviously, the more relations pupils examine, the richer 
the “meanings” they develop. This method is designed to enable chil- 
dren to: 


1. Expand “meanings” by expanding relations instituted 
Examine the questions they ask and the methods they use for inquir- 


ing in science (by analyzing the means-ends-methods of each method 
selected) 


3. Evaluate the questions and methods (by building criteria) 


4. Reconstruct the questions and methods of science inquiry, and 
finally, the step not illustrated here: 


> 


5. Evaluate and reconstruct the criteria. 


This, it is believed, will help children develop responsibility for their 


own inquiry and commitment to ongoing inquiry and reconstruction of 
method. 


SUMMARY 


Three alternative interpretations of inquiry were presented at 
this conference. How are these different, but related, approaches to 
inquiry to be assessed? Perhaps we can proceed with an inquiry into 
the three methods themselves, as shown in Chart 3, 

If we examine the means-ends-method rel 
can see that the methods of inquiry proposed by both Suchman and 
Strasser are designed for the expansion and reconstruction of theories 
and methods. These are, however, theories and methods 
the subject matter inquired into in the case of Suchman 
and methods pertaining to teaching and learning, 
Both of these are first level, or substantive, theories and methods. Fish’s 
inquiry is designed for the expansion and reconstruction not only of the 
substantive theories and methods, but also of the methods of making 
judgments about theories and methods. It is designed to provide a 


method for building criteria for selecting—for building criteria for “bet- 
ter” questions in science inquiry. 


ations of the inquiries, we 


pertaining to 
, and theories 
in the case of Strasser. 
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INVESTI- 
GATOR 


3. INQUIRY INTO THREE ALTERNATIVE INQUIRY METHODS 


QUESTION 


Suchman Can pupils 


Strasser 


Fish 


examine and 
reconstruct 
theories? 


Can teachers 
examine and 
reconstruct 
their teaching 
techniques? 


Can pupils 
evaluate 
and recon- 
struct their 
method of 
evaluating 
and recon- 
structing 
science 
inquiry? 


MEANS METHOD 
1. Discrepant Inquiry 
event intro- into 
duced by questions 
teacher asked by 
2. Selection and pupils 
organization 
of data by 
pupil 
3. New theory 
constructed 
and tested by 
pupil 
1. Teachers’ Inquiry 
questions and into con- 
pupils’ respon- sequences 
ses examined of ques- 
by teacher tions 
2. Teachers’ asked by 
questions teachers 
reconstructed 
to meet goals 
for pupil 
behavior 
1. Discrepancy Inquiry 
in method into the 
introduced method of 
by teacher inquiry 
2. Criteria 
for judging 
alternative 
methods 
formulated 
by pupils 
3. Methods of 
inquiring 
reconstructed 


Емрѕ 


ЈА 


to 


bo 


m= 


Expansion of 
pupils’ question- 
asking 
Reconstruction of 
theories 


Expansion of 
teacher’s question- 
asking 
Reconstruction of 
teaching-learning 
theory 


Expansion and 
reconstruction of 
science inquiry 
methods 
Expansion and 
reconstruction of 
methods of 
evaluating and 
reconstructing 
science inquiry 


The Role of Inquiry in 
Science Teaching“ 


Е. James Rutherford 


INQUIRY AND CONTENT 


When it comes to the teaching of science it is perfectly clear 
where we, as science teachers, science educators, or scientists, stand: 
we are unalterably opposed to the rote memorization of the mere facts 
and minutiae of science, By contrast, we stand foursquare for the teach- 
ing of the scientific method, critical thinking, the scientific attitude, the 
problem-solving approach, the discovery method, and, of special inter- 
est here, the inquiry method. In brief, we appear to agree upon the 
need to teach science as process or method rather than as content, 

Judging, however, by what we can see taking place in many, if not 
most, classrooms and by the kinds of tests that teachers use, we might 
reasonably conclude that there is a large gap between our practices 
and our convictions. This may well be the result of many factors—the 
natural conservatism of science teachers, a failure of those who call 
for change and innovation to provide teachers with effective models 
and materials, and others. One of the contributing factors, it seems 
clear, has been a failure to recognize and take fully into account the 
close organic connection between process and content in science. It is 
here suggested that the effective teaching of the physical sciences as 
inquiry becomes possible in a particular and important sense once we 
understand that the conclusions of science are closely linked with the 
inquiry which produced them, and, conversely, that the nature of a 
given inquiry depends upon the topic under investigation. The choice 
is neither facts and laws nor inquiry and process; it is both 


facts and 
laws and inquiry and process. 


°Reprinted from the Journal о 


f Research in Science Teaching, У, 2, pp. 
80-84 (1964). ©, by permission. 
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Inquiry As CONTENT 


First, the designation “teaching science as inquiry” needs some 
clarification. It is currently being used in at least two general ways. 
Sometimes it is employed in a way which emphasizes that inquiry is 
really part of the science content itself. It acknowledges that there is a 
pattern of inquiry characteristic of a given science, or of a given field 
within a science, and that such patterns form an integral part of what 
science “is.” At other times, the phrase “teaching science as inquiry” is 
used to refer to a particular technique or strategy for bringing about 
learning of some particular science content. This is the meaning asso- 
ciated with the term “inquiry method.” The distinction here is between 
“inquiry as it appears in the scientific enterprise,” on the one hand, and 
“using the method of scientific inquiry to learn some science,” on the 
other. For purposes of brevity, I shall refer to the former as inquiry as 
content and to the latter as inquiry as technique. 

One other matter of semantics needs attention: whether speaking of 
inquiry as content or inquiry as pedagogic technique, the modifier “sci- 
entific” is implied. It is scientific inquiry we are concerned with, not 
inquiry in general. Otherwise, if all that is intended by the inquiry 
method is that we should encourage a student to be inquisitive, curious, 
to ask questions, and to try to find answers for himself, then we are 
advocating no more than what good teachers have long believed in and 
practiced. Thus we must keep in mind that it is scientific inquiry that 
is being offered by some people as a paradigm on which to base a teaching 
strategy. 

As a basis for discussion, two topics which might seem to lend 
themselves to the teaching of science as inquiry have been selected from 
the subject matter of physics. An examination of these two quite differ- 
ent cases gives substance to the following conclusions: 

(1) It is possible to gain a worthwhile understanding of science as 
inquiry once we recognize the necessity for considering inquiry as 
content, and operate on the premise that the concepts of science are 
properly understood only in the context of how they were arrived at 
and of what further inquiry they initiated. 

(2) As a corollary, it follows that it is possible to learn something of 
science as inquiry without the learning process itself having to follow 
precisely any one of the methods of inquiry used in science. That is, 
inquiry as technique is not absolutely necessary to an understanding of 
inquiry as content. 

(3) While the laboratory can be used to provide the student experi- 
ence with and knowledge of some aspects or components of the investi- 
gative techniques employed in a given science, it can effectively do so 
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only after the content of the experiments have been carefully analyzed 
for their usefulness in this regard. 


UNIVERSAL GRAVITATION AS AN EXAMPLE EMPHASIZING CONTENT 


The two examples to be used are those of universal gravitation 
and the law of reflection of light from surfaces. These topics are covered 
in all physics courses and in most physical science or general science 
courses. Let us turn first to the law of universal gravitation. 

Science teachers surely wish to help each of their students acquire an 
“understanding” of universal gravitation. But when can they be satisfied 
that a student does in fact understand that concept? One cannot, of 
course, draw an absolute boundary between complete understanding 
and no understanding. Nevertheless, with a concept of the magnitude 
of universal gravitation, it seems reasonable that at least two conditions 
should be fulfilled before we could assume a student has acquired an 
acceptable understanding. The first is that the student become aware 
of the range of applicability of the theory. The second is that he have 
some knowledge of the network of inquiry, the sequence of investigations 
and thought, which led to the final formulation by Newton. Certainly 
we would all agree that the student does not understand universal 
gravitaton just because he can recite the equation F = G myme/r? and 
work simple problems using it. 

As far as the range of the law of universal gravitation is concerned, 
the first step is to bring the student to an awareness of its magnificent 
successes. The brilliant way in which the Newtonian principle of uni- 
versal gravitation explains so many diverse terrestrial and celestial phe- 
nomena—comets, tides, precession of the equinoxes, and geographical 
variations of g—and in which it was able to predict other phenomena— 
the existence of undiscovered planets being, of course, the most spectac- 
ular instance—are really part of the content of the concept itself. So 
in fact are the additional investigations which it instigated. In examining 
a wide array of phenomena to find out just how universal universal 
gravitation is and in studying the relationship between that formulation 
and the new inquiries stemming from it, the student will come to see 
that Newtonian mechanics does indeed have limitations. The interesting 
point for our purposes is not so much that relativistic and quantum 
mechanics were ultimately needed, but that the long series of investi- 
gations stimulated in great part by Newton’s formulation of universal 
gravitation itself led to the kind of knowledge which would expose its 
own limitations. Thus in studying universal gravitation in the context 
just described, the student may gain the insight that an important 
attribute of scientific theory is that it generates new investigations even 
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if in doing so its own conceptual weaknesses are mercilessly exposed. 
A good theory stems from successful inquiry and generates additional 
ones. 

Tuming to the other condition for “understanding,” it has been 
claimed here that an acceptable understanding of the concept of uni- 
versal gravitation implies a knowledge of the network of inquiry which 
led to it. The discovery, or the “invention,” to use the terminology of 
Atkin and Karplus, [1] of universal gravitation was the outcome of 
inquiry on the grand scale, involving, as it did, the investigations and 
insights of many people in many places over a substantial span of time. 
The giants upon whose shoulders Newton admitted standing were 
practitioners of the art of inquiry into the nature of the physical world. 
Each practiced his art in his own characteristic way. No one of them 
can serve as the perfect model of how a contemporary investigator 
should proceed, but their work taken as a whole illuminates beautifully 
many facets of the scientific enterprise. If one wishes to study science 
as process, it is surely wiser to look at the work of several scientists in 
the context of a significant scientific problem than to concentrate upon 
the work of a single scientist or to settle for some abstract formulation 
of inquiry divorced from science content. By noting the contributions 
and modes of operation of the men whose work led to the law of 
universal gravitation, the student learns his science as both content 
and inquiry. 

If one looks upon the concept of universal gravitation as the culmina- 
tion of a long series of investigations and the beginning of still another 
series, then a variety of insights on the complex nature of scientific 
inquiry may accrue. For purposes of illustration, only a few of these 
are cited: 

(1) The power of indirect experimentation is dramatically demon- 
strated by Galileo’s work with the pendulum and the inclined plane. 
Incidentally, the approach recognizes that these instruments have their 
main interest as experimental equipment rather than as objects to be 
understood for their own sake. 

(2) The importance of being able to formulate experiments and ideas 
in the language of mathematics is shown in the work of Galileo, Kepler, 
and Newton himself. 

(3) Both the necessity for and the limitation of accurate data in 
scientific inquiry are brought out by the use made of Tycho Brahe’s 
magnificently precise planetary observations. In the hands of Kepler 
they played a key role in the overthrow of the two thousand year old 
conceptual reliance upon uniform circular motion. But these same facts 
were unable to lead Tycho himself to a correct interpretation, and 
indeed we know now that facts alone are never enough to provide us 
with understanding of nature. 
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(4) Keplers speculations, fanciful and sometimes even bizarre, but 
always in the end put to the test of measured fact, present another 
facet of inquiry. Furthermore, the use of Kepler’s laws made by Newton 
allows one to emphasize the difference between empirical laws and 
explanatory laws or principles, and the importance of one to the other. 

(5) The significance of physical and metaphysical preconceptions in 
shaping a scientific investigation is illustrated by the reluctance of 
Copernicus, no less than Ptolemy, to abandon uniform circular motion. 

One could add many more items to this list. But perhaps the point 
has been made: to understand the concept of universal gravitation, it 
is important that the student be made familiar with the key experimental 
and theoretical inquiries (and their interactions) which ultimately were 
synthesized by Newton so succinctly in a single equation. [2] 

Now surely no one would advocate that the student be brought to 
this kind of an understanding by conducting his own investigations, 
that is, by the application of inquiry as technique. Anyone tempted to 
do so should reconsider the strong arguments put forward by Gagné. [3] 
But this is not to discourage the teaching of physics as inquiry; instead 
it is to suggest that if the nature of scientific inquiry is taken to be an 
integral part of the subject matter itself, then neither the conclusions 
of science (the facts, laws, principles, theories, conceptual schemes, 
etc.) nor the process of discovery and investigation which lead to those 
conclusions will be neglected. Content and inquiry will appear as the 


warp and woof of a single fabric, which is, after all, the way science 
really is. 


Licht REFLECTION as AN EXAMPLE EMPHASIZING PROCEDURE 


Let us turn now to the second example, that of the law of 
reflection. Here is a relatively small topic upon which the student 
might be expected to conduct an investigation, that is, to learn about 
scientific inquiry at first hand rather than vicariously, At least that 
would seem so judging by the number of classrooms in high school and 
elementary school in which students “discover” the law of reflection. 
Typically, the student is given a plane mirror, some pins, a protractor, 
a straight edge, and instructions on how to locate the path of incoming 
and reflected light rays. He is then asked to find the relationship 
between the angle of incidence and the angle of reflection (after, of 
course, these have been defined for him). A little thought, however, sug- 
gests that whatever other value such an “experiment” may have, it has 
little merit as an honest exercise in scientific inquiry, even assuming 
that the student is not told the answer ahead of time. The following few 
points are offered merely to add substance to this claim. Any effort to 
devise a laboratory procedure which will enlarge the student’s investi- 
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gative skills while discovering the law of reflection must, surely, take 
these and similar criticisms into account: 

(1) The concept of “light ray” is a fairly abstract one. In fact, as used 
in such experiments, a light ray is fictitious: its virtue is that it provides 
a useful way to talk about certain optical phenomena, in this case the 
regularity of image reflection. It is the invention of the light-ray as the 
physical analogue of the Euclidian straight line, and the related accep- 
tance of the correspondence between plane geometry and optical phe- 
nomena (rather than the discovery of the rule of equal angles), that was 
the key step here. [4] This suggests, at the very least, a prior need for 
the student to consider evidence for the rectilinear propagation of light, 
and for working out an operational definition of “light ray.” 

(2) But if we admit that the student cannot uncover such an abstract 
notion by his own inquiry, that is not to say all is lost. We might claim, 
with Atkin and Karplus, that after the teacher has supplied the inven- 
tion, the student can then investigate, i.e., discover, some of its conse- 
quences. That is, fortified with the idea of “light ray” the student might 
be asked to find out how it could be used to explain reflection from 
mirrors. Perhaps so, but not, certainly, if the student is provided all of 
the apparatus right at the beginning, as is the usual case. To do so 
reduces the “experiment” to a mere puzzle, for it excludes the student 
from participation in the development of the experimental strategy to 
be employed in the investigation. For instance, just the fact that the 
student is provided only with a plane mirror limits severely the scope 
of the inquiry. Reflection takes place, after all, from spherical and para- 
bolic surfaces, not to say irregular ones. One of the important techniques 
used in scientific inquiry is to seek out the simplest useable instance 
of a phenomenon for preliminary investigation. As the reflection experi- 
ment is commonly done students are bound to miss this point. A better 
strategy, better in the sense of having a more meaningful connection 
with the substantive content, would be to provide students an oppor- 
tunity to observe reflection from an array of mirrors of different shapes, 
and then to require them to participate in working out some of the 
details of the experiment, including which kind of a mirror to use. 

(3) The angles of incidence and reflection are defined for the student, 
and in a way that would not seem natural to him. The measurement of 
those angles with reference to the normal to the surface rather than to 
the surface itself is not self-evident. It is a matter of convention, the 
usefulness of which has to do primarily with Snell's law of refraction, 
and not with reflection from plane surfaces at all. The way this experi- 
ment is usually handled, however, deprives the student of an opportunity 
to learn that while definitions of physical quantities are arbitrary, con- 
sideration must be made of their likely usefulness in carrying out 


further investigations. 
These few remarks concerning the laboratory investigation of the 
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reflection of light are intended to indicate that even when one examines 
a relatively simple topic, it is not immediately and unequivocally clear 
just how it should be presented to the student so that it will contribute 
to the goal of teaching science as inquiry. Certainly this and other 
topics can so contribute, but not until each has been carefully analyzed 
from the standpoint of its relationship to the body of physical knowl- 
edge from which it is extracted. Only after such an analysis has been 
made can we possibly know which facts, definitions, presumptions, 
principles, and relationships are involved. At that point some investiga- 
tion must be made as to which of these aspects of the topic particularly 
lend themselves to teaching by the method of inquiry. Thus there are 
two interrelated tasks to be accomplished. First, an analytical study 
needs to be made (from the standpoint of science as inquiry) of each 
of the usual topics encountered in introductory courses in the physical 
sciences. Second, some number of laboratory oriented experiences need 
to be devised which can contribute to the understanding of the nature 
of scientific inquiry as it actually happens. 


CONCLUSION 


In all of this discussion, whether dealing with the monumental 
concept of universal gravitation or the more modest one of light reflec- 
tion, the emphasis has been on viewing scientific inquiry as part of the 
content of science itself. To separate conceptually scientific content 
from scientific inquiry is to make it highly probable that the student will 
properly understand neither. From this there follows an inescapable 
conclusion regarding the feasibility of teaching science as inquiry: sci- 
ence teachers must come to understand just how inquiry is in fact 
conducted in the sciences. Until science teachers have acquired a rather 
thorough grounding in the history and philosophy of the sciences they 
teach, this kind of understanding will elude them, in which event not 
much progress toward the teaching of science as inquiry can be expected. 
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жср ЖОКЕ 
Discovery or Invention,” The 


Hutchinson’s University 


Critical Analysis: 
Opposing Viewpoints on 
Conceptual Schemes 


Although many science educators and teachers are becoming 
convinced of the value of techniques placing primary emphasis on in- 
quiry, investigation, and on the use of conceptual schemes in teaching, 
some thoughtful educators oppose their widespread introduction. Others 
disagree violently about what rigid conceptual schemes are worth and 
about the particular form that an “investigative” approach should take. 
In the following articles Russell, Glass, and Ausubel examine critically 
the merits of the conceptual schemes proposed by the National Science 
Teachers Association. I hope that you will not accept what the “au- 
thorities” represented in this book have proposed without personally 
subjecting their ideas to searching analysis and experimentation in your 


own classroom. 
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Theory Into Action! 
as a Projection of 
the Rational Tradition* 


James E. Russell 


Those of us who deal in educational policy must attempt con- 
tinuously to evaluate the American system of education. Past evaluations 
show us that the system has in general succeeded. More years of school- 
ing produce better people by every standard we can measure, but all 
that proves is that the planning we did in the past was at least partly 
wise. It tells us little about the decisions that we ought to be making 
now regarding the kind of school that we ought to have to enable our 
children to adapt to a world in the future, of which we can say only 
one thing—that we are quite sure it will not be like the world we grew 
up in; it will be different. 

Is there any way that we can look at the present and understand what 
is happening? Is there some system by which we can put ourselves on 
trend lines and see where these trends are taking us? Let me illustrate 
the necessity for doing this. 

You realize that a child aged six, now entering the first grade, is 
entering a school system which is something in being. We are going 
to go through a decade, and then we are going to go through another 
decade. Say 20 years pass. That child will be 26 years old. For all you 
know, that child may still be in school, or that child may be a young 
parent at that time. If you extrapolate the age trends that we have now, 
you have to assume that this child will at that time have 75 years of 
useful life ahead of him. 

What will we do now to bring about the sort of educational system 
which will help that child to shape himself so that, starting 20 years 
from now, he will be able to make the adaptations that the world will 
call for in the succeeding 75 years? 


1Publication No. 471-14282, available from NEA Publication Sales Division, 
1201 16th St., N.W., Washington, D. C. 20036, $1.50 per copy. 

*Reprinted from The Science Teacher, У. 32, No. 5, May, 1965, pp. 27-29. 
©, by permission. 


279 


Scientists tell us that in the last decade they have learned half of all 
they know. They expect in the next decade again to double all they now 
know. We can anticipate that within 20 or 30 years the world will be 
very profoundly reshaped, and it will be reshaped not so much by its 
past as by what is yet in the future. The things that are becoming are 
far more important for what happens 30 years from now than the 
things that have happened. 

What are these things that are becoming? 

We recognize that our world is changing. We talk about change and 
we say things like this: The white middle classes are leaving the cities, 
and the lower and rural Negro and white groups are moving in. We 
say that we are facing a technological revolution and that we have 
revolutions in communication and in transportation, that we have the 
race for space and the harnessing of the atom and the rising expectations 
of the underdeveloped peoples. Each one of these things we see as 
some kind of a transformation of our lives, and we treat them as if they 
were profound changes, that is, as if these were the deep changes. Well, 
I don’t think they are. 

I think all these changes that I cited are surface reflections of just 
one change—just one—and that is the role of the mind. I can illustrate 
the point. 

Take this matter of the white middle classes leaving the cities. Why 
are they going? They are going because of the infiltration of what we 
are calling “disadvantaged” persons who decay the cities. 

Why, then, are the disadvantaged moving? If they cannot reconstitute 
their lives in the cities, why do they come there in the first place? They 
come because they have lost their role on the land; they have lost their 
role in the American economy. It used to be profitable to harvest the 
staple crops of the South by hand. It no longer is, because we have 
machines that do the job cheaper and better. Therefore, it pays the 
owner to enclose the land and push these people off. Consequently, they 
are in movement. 

Why, after 25,000 years of technology, do we come only now to this 
kind of mechanisms? Obviously, this is because of recent advances in 
the basic sciences, upon which the technology depends—physics, chem- 
istry, metallurgy, mathematics, and things like that. 

Why, after all the centuries of growth in the sciences, why is it only 
now? 

As you look back down this chain of events, what you come to when 
you get to the end is a system of thinking. You are looking at the 
flowering of the rational tradition of the West. 

This is the thing that is changing our lives, and it is changing them 
at some sort of an exponential rate. It forces us to get our minds into 
dimensions where they don’t easily go. We think we know what the 
word “rational” means. We understand that it operates in terms of cer- 
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tain common definitions, a consistency-contradiction relation. We under- 
stand that it has common values in the form of logic and understanding 
of logic. We understand that it calls upon us to test the results of 
reasoning by experience. We know that it operates in terms of familiar 
mental processes: recalling and imagining, evaluating and comparing, 
classifying and generalizing, analyzing and synthesizing, deducing and 
inferring. These things we see. But we do not know as a matter of 
common sense how to relate ourselves to it. I can illustrate the point. 

If you want to relate, say, point Ё to point Fə and you have just two 
points, and if the relationship is going to be $ and the distance between 
them is going to be X, and you put down on paper S equals X, you are 
talking about extension or what I call length. I know what that is because 
I can see this point and I can see that point and I can interrelate them. 

You explain the same relationship in two dimensions and let one 
dimension be Ху and the other dimension be Xs; now you have yourself 
in the Pythagorean and Euclidean world. You can express this relation- 
ship between Е, and Fs as a hypotenuse and you would say 5° = Х,° + 
Xə?, and I would still be with you. I would say: “I don’t know why you 
are going to all this fancy language. But I learned the Pythagorean 
Theorem in the tenth grade, and I know that the square of the hypo- 
tenuse equals the sum of the squares of the other two sides.” 

Then you make one more step and you say: “Well, let’s solve it for 
S. So we will take the square roots of both sides and say: 

= VX? + X22, and I am still with you. I think I understand exten- 
sion in two dimensions. I understand area. I have bought and sold land. 
I know how to figure the size of a piece of paper. 

You say: “All right. Now let's put it in three dimensions. We will 
have the same two we had, plus X4, which will be the depth dimension. 
Our S is going to be the equivalent of a hypotenuse through a cube, 


and we will say: 
S = \/Xi? + Xe F XS 


Now we are in the world of Newton. This is the world of Newton’s 
three absolute dimensions, of which this is the archetype proposition. 
I would say: “I don’t know why you are doing all this, but I am still 
with you. I know what a cube is.” 

Those of you who teach physics will recognize that I am developing 
the Einsteinian spatial formulations. Frequently in the past when I 
talked about these things I used analogies for the Einstein formulations. 
These are not analogies. These are the exact formulations that Einstein 
used in the General Theory of Relativity, and they are exact in the 
sense that I am using the precise symbols that he used. He did not use 


X = 5, but he did use the others and developed them, and he identified 
them as I have. 
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Now we go with Einstein and the man on whom he was relying, 
Minkowski. We go into non-Euclidean and Cartesian equations involv- 
ing a fourth dimension, which is as follows: 


5 = VX? + Хә? + Ха + ху. 


And I say: “Where do you get that X4?” He says: “What do you mean 
‘where’? It isn’t any where.” I say: “Well, how do you draw it?” He says: 
“What do you mean ‘draw it’? You don’t draw it.” “Well, how do you 
describe it?” “You don’t describe it.” “Well, I don’t get it.” He says: 
“You are talking about things you can touch and feel and hear and buy 
and sell. This isn’t anything you can touch or see. It isn’t accessible to 
the world of the senses. It is a rational construct. It is imaginary.” 

Well, then you might ask yourself a nice question. If it is imaginary, 
is it real? 

Einstein said: “If you will use this four-dimension archetype as your 
basic spatial proposition, you will draw conclusions from it that accord 
more accurately with what can be observed than the propositions you 
draw from the Newtonian three-dimensional archetype.” And on this 
basis he proceeded to develop the thesis of field effects on light, from 
which he hypothesized that if you could blot out the sun, as in a solar 
eclipse, you would find that the stars that appeared close to the sun 
would appear displaced because the sun’s gravitational field would 
bend the light from those stars as it passed close to the sun. 

In 1919 this led Eddington and other astronomers to the great expe- 
ditions to West Africa and Brazil, when there was a solar eclipse in those 
countries. They set up their telescopes; they looked for those displace- 
ments; and they found them. 

This was more than just another useful discovery. This is not just 
an extension of those principles by which you build bridges and win 
wars. This was an event which said to mankind: Look people, if you 
want to look at the world and know what is really there, look with 
instrumentalities beyond your senses; look with the abstract power of 
your mind. 

That imagined X4 of Einstein is more real than those things which 
most of us nonscientists have taken to be the basis of reality all our 
lives. There is a story of Dr. Johnson and Bishop Berkeley having an 
argument over what is real. The Bishop said: “My good doctor, that 
stone there, how do you know it is real?” Johnson leaned back and 
kicked it and broke his toe in the process. He said: “That, sir, is how 
I know it.” This is told by Boswell, because it shows what a great man 
Johnson was, and it is supposed to be evidence, on its face, that Dr. 
Johnson won the argument. 

If there is one thing that the modern world is saying to us it is that 
Dr. Johnson had to be wrong. You could argue over whether Bishop 
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Berkeley was right, but you cannot argue Johnson's point. His concept 
was that he could tell something was real because he could feel it. 
Anyone who lives in an age of radiation and magnetism and the 
electron, and who thinks that you can measure reality by what you 
can see, has to be a fool. 

Yet 1919 was just one year after educators of the United States 
embarked on a program of education which was focused on the concept 
of behavior. The great goals that were set for the schools were, in 
addition to intellectual goals, things like ethical behavior, good citizen- 
ship, worthy use of leisure time, homemaking, economic effectiveness 
—this means job effectiveness. They were goals set at this level. This 
is what I like to call the 20th century fallacy. This is the fallacy that 
the world for which we are educating the child is the world of his own 
experience; it is the world of his own behavior; it is the world in which 
he sees people and acts and interacts with human beings; yet, you can 
see from the nature of the argument I am developing that what is in 
front of us is the certainty that this is not the only world, that there 
are other worlds, and that these other worlds are becoming more im- 
portant. The other worlds are worlds beyond sense, worlds, as Hayakawa 
said, of inferred structures and events. 

Therefore, we come back to the trend line I am looking at. If you 
put yourself on the trend of our times, this trend tells you that the 
part of life which is dealt with in abstract rational terms, independent 
of sense experience, is becoming more important. This is the part of 
reality that is changing the world we see and live in. So all I have to 
do to put myself on this trend line is to say: “Well, what do I think it 
will be 20 years from now?” My answer is: I think this trend is going 
to continue, and we had better plan for it, too. In fact, we had better 
hope it continues. It means that my child 20 years from now is going 
to have to have developed abstract abilities, abilities to look at the world 
and deal with the world in terms other than mine; they cannot be drawn 
out of my experience. He will have to have access to the worlds of 
inferred structures and events. 

For the child of the future I think that there are certain things that 
are not going to change. I think that the religious aspects of life, the 
emotional aspects, the esthetic aspects of life, the superstitional aspects 
will go on. We are going to continue to worship God, fall in love, admire 
beauty, and avoid black cats, But the power of thought is increasing. 

When that child of the future faces up to some sort of a problem 
whose outlines I cannot perceive, what is he going to do? He is not 
going to be able to turn to our experience, There isn’t any relevant 
experience. He is not going to be able to turn to the history or the 
whole accumulated experience of mankind. It is not going to do him 
any good to have a good character. He can take all the good ethical 
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attitudes he wants and junk them; it will not solve the problem. 
Whether he understands its esthetic aspects also will not do any good. 
He will not be able to retreat from the problem or to ignore it. It will 
not even do him any good to pray. He will have to think. 

It is therefore incumbent on those who are concerned with the re- 
shaping of American education that they deal with those parts of 
American life where the rational tradition may be exemplified, under- 
stood, and learned—where, in fine, one may gain access to the worlds 
of inferred structures and events. 

It is against this background of considerations that I came to first see 
the volume called Theory Into Action. My first response to it was to be 
sensitive to some of its limitations. I think that it gives more stress to 
hard science than to soft, and to physical science than to life science. 
But as I held the little volume in my hand, I saw a vision of some of the 
structure of rationality and some of the things it has learned, and I 
said to myself: Here is an interdisciplinary approach saying to the world 
“these things we have learned.” This document says something of what 
these inferred structures are and provides detail on the insights gained 
through rational approaches. There is a solid residue produced by the 
growth of knowledge. A child whose learning is aimed at these things 
will be participating in the growth of the rational tradition. 

It is for this reason that I think there is implicit in this little document 
a very profound revolution, which, when its outlines are understood, will 
lead to a reshaping of American education—a profound and hopeful 
change for which those responsible deserve much praise. 
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Theory Into Action--A Critique 


Bentley Glass 


I have been permitted by the officers of the National Science 
Teachers Association to express my profound dissent from the choice 
of seven “conceptual schemes” developed by an NSTA Conference of 
Scientists in the hope that these concepts may be of great value in 
planning science curricula. I have had to dissociate myself from the 
conclusions of my colleagues not only because I disagree so funda- 
mentally in principle, but also because I feel that any attempt to make 
use of such a set of conceptual schemes in the development of science 
curricula in the elementary and secondary schools of our nation would 
do a great disservice to science as a whole, while proving disastrous 
for the development of the biological sciences in particular. As Chair- 
man of the Biological Sciences Curriculum Study for the past six years, 
I could not compromise with what seems to me to be not merely an 
inadequate, but indeed a prejudicial and injurious formulation of edu- 
cational goals in science. 

Such strong charges require explanation and defense. Let me say 
first of all where the basic philosophical difference lies. The seven 
conceptual schemes are stated entirely in terms of matter and energy, 
the fundamental physical realities of the universe. That matter and 
energy are the basis of all scientific phenomena and that all observations 
relate to states of matter and changes induced by energy, who can 
deny? The problem arises when we undertake to convert so basic an 
axiom into a variety of conceptual schemes that will cove 
adequately. Is it either true or practicable at the 
entific development to regard all the | 


г every science 
present stage of sci- 
aws, principles, and concepts of 

"Reprinted from The Science Teacher, V. 32, No. 5, May, 1965, pp. 19-30, 
82-83. ©, by permission. 


tThe conceptual schemes referred to by Glass are quoted on pp. 14-15 of this 


book and also in a footnote to the article by D. Р. Ausubel which immedi- 
ately follows Glass’ article. 


278 


biology, to take a prime example, as being adequately subsumed by 
stated physical principles? I hold that it is neither practicable nor true. 
The Conference has formulated seven statements, with none of which 
I would disagree. They may indeed supply an admirable basis for the 
organization of the study of physics, and possibly also of chemistry— 
although here I begin to have some doubt; but as a basis for organizing 
the study of the biological sciences they are not helpful—they are posi- 
tively harmful. 

Let us look at these seven conceptual schemes individually. Even in 
the light of their fuller exposition, as given in the report “Theory Into 
Action . . . in Science Curriculum Development,” only three of them 
have much connection specifically with the phenomena of life. These 
are numbers II, Ш, and УП. 

As for the four other concepts, while they underlie all living phenom- 
ena, they need not take much time in the biological curriculum if they 
are properly taught in the physical sciences. How true this is we may 
see from the admission, made in discussing Conceptual Scheme IV, that 
while all behavior of matter in the universe is “probably determined by 
electromagnetic, gravitational, and nuclear forces, the behavior of higher 
organizational units of living matter cannot be interpreted on this basis 
at this time.” That is indeed so, whence it follows that for our present 
day we cannot usefully use this concept to assist in the organization of 
a biological curriculum, even though we admit its truth. The same 
may well be said for Concept V, the Second Law of Thermodynamics, 
which is highly important to the study of life, though one might scarcely 
think so from the brief sentence included in discussion of the concept. 
Many a physiologist and many an ecologist have stressed that the special 
and peculiar features of living systems relate to their seeming violation 
of the Second Law, to their astonishing ability to maintain their systems 
in relative constancy and even, for a time, in growth and reproduction, 
in spite of the constant flow of materials through them and the constant 
degradation of energy that occurs as they live through time. As for 
Concept VI, with its focus on heat, kinetic energy, and states of matter, 
the discussion again indicates how slight is its applicability to living 
systems, whereas had a choice been made of the capture of solar 
energy from light and its conversion into potential chemical energy, 
together with the transformations of potential chemical energy into 
kinetic energy of various kinds, the biologist might have taken heart. 

Now let us look at the concepts that do deal more specifically with 
living organisms. Concept П is clearly of enormous biological signifi- 
cance. The flaw here is that its verbalization in terms of matter may 
mislead planners of curricula, if not into an outright omission of bio- 
logical phenomena, at least into a failure of emphasis. The discussion, 
with its interesting description of sequence of organizational levels in 
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the biological world, may help to avoid such an error. Nevertheless, 
what is overlooked, I believe, is a fundamental fact of nature, namely, 
that the lower levels of organization in the hierarchy are inherently 
simpler in the numbers and kinds of interacting units they contain, 
while the complexities grow inordinately greater at the higher levels. 
The hierarchy is no simple ladder. It is an inverted pyramid, resting on a 
tiny base, the internal structure of the atom in terms of fundamental 
particles. It is both theoretically and practically impossible to deal with 
successively more complicated levels of existence in the concise, rela- 
tively simple terms of nuclear physics. This is why biology is more 
complex, diversified, and admittedly less well formulated in terms of 
scientific law than are the physical sciences; and it is also why psychol- 
ogy and the social sciences are still more complex, diversified, and less 
well formulated in terms of scentific law. It may sound derogatory to 
the biological, and much more to the social, sciences to say that they are 
more descriptive. Yet it is true—in part because of the historical develop- 
opment of the sciences, which has seen the biological sciences pass from 
a descriptive to an experimental stage of methodology more recently 
than did the physical sciences. But it is true in a much deeper sense, 
true because of the very nature of the phenomena. The biological sci- 
ences deal with many levels of organization in the hierarchy; the 
molecular, the macromolecular, the cellular, the multicellular, the or- 
ganism, the population, the community, and the biome. Physics, on the 
other hand, or chemistry, deals with but few. One simply cannot study 
all phenomena on many different levels at one time without becoming 
confused. In the planning of a science curriculum, we must take this 
diversification and increasing complexity at the upper levels of the in- 
verted pyramid into account, as well as the less physical, increasingly 
descriptive state of scientific study at the uppermost levels of living 
organization. 

In short, Concept П needs rephrasing in order to avoid misunder- 
standing and mistaken emphasis. One might suggest the following: 
“Matter exists in the form of units which can be classified into hierar- 
chies of organizational level, from fundamental particles to galactic uni- 
verse, from nonliving to living, from cell to individual, community, and 
biome. As one progresses up through the hierarchy, the organizational 
levels become more and more complex, more and more diversified, 
more and more difficult to describe in terms of general law.” 

Concept III comes closest to being a balanced statement of equal 
applicability to all of the natural sciences, Properly understood, its 
significance is to destroy the very validity of the sort of philosophical 
reduction of the biological sciences to the laws of physics which the 
rest of the total scheme so strongly implies. І have argued elsewhere and 


cannot repeat fully in the present instance why it seems clear that not 
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all biological laws and principles are reducible to physical laws and 
principles, even though all phenomena are phenomena of matter and 
energy, space and time. One reason is that in the hierarchy of organiza- 
tional levels new properties grow out of interactions and interrelations; 
and these new properties are, at least on the basis of our present scien- 
tific knowledge, unpredictable. The properties of the water molecule are 
not readily predictable from a full knowledge of the properties of the 
oxygen and hydrogen atoms. Even more, the properties of a living 
organism are not predictable simply on the basis of its chemical compo- 
sition and its energetics. The specific organization of its parts is crucial. 
Still more obviously, the character of a living community cannot be 
specified simply on the basis of the numbers and kinds of its respective 
components. The environment, the distribution, and the interdependence 
of different kinds of organisms are the crux of the matter. 

A second reason is that living cells, organisms, and communities are 
what they are because they have a history. The history may in some 
respects have followed predictable lines of natural selection within 
given types of environment, but very frequently two or more lines of 
evolution may have been equally possible, and chance may have deter- 
mined which course was actually pursued. History is filled with unique 
events, just as each sexually reproducing population is composed of 
genotypically unique individuals. To the extent that uniqueness exists, 
evolution is not predictable, even though, looking back, we may explain 
the course it has taken on the basis of scientific analysis. Yet we cannot 
escape the fact that biological science, like much of geology, is a histor- 
ical science that deals with an actual course of events, one which might 
at many turning points have gone differently. In this respect, the bio- 
logical sciences are, and will forever remain, vastly different from the 
purely physical sciences. 

But the most important reason of all why the laws of the biological 
sciences are not, all of them, reducible to the laws of physics is inherent 
in this same Concept Ш. At every level in the hierarchy of organization 
we meet with events that are stochastic, the outcome of random proba- 
bilities. The laws of Mendel depend upon the randomness of fertilization 
of eggs in given frequencies by sperms in given frequencies. The given 
frequencies of the genotypes of eggs or of sperms in a particular indi- 
vidual depend upon the random and independent assortment of the 
different pairs of chromosomes. The Hardy-Weinberg principle upon 
which all our modern calculations of evolutionary processes are based 
depends upon the randomness of mating of given genotypes in the gene 
pool of the population. These examples are taken exclusively from 
the field of genetics because that is the branch of biology commonly 
acknowledged to be most highly advanced, most mathematical in nature, 
most like the physical sciences in refinement and methodology. Yet it 
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is perfectly clear that the basic laws of genetics cannot be reduced to 
laws of physics because they are in fact merely statements of the ran- 
domness of nature. If they reduce to anything, they reduce to the calcu- 
lus of probability, not to physics, just as physicists are finding, since the 
development of Quantum Theory, that many of the basic laws of physics 
likewise reduce to a calculus of probability. 

Concept VII is so vast in its biological implications that it in fact 
covers nearly everything within its enormous compass. One could very 
well treat the entirety of biology under the general concept of “Organ- 
isms through Time.” It embraces the eons of organic evolution and the 
momentary changes of metabolic activity. It embraces the succession 
of living generations, and it concerns the growth and development of 
the individual. Of the eight major specifically biological themes stated 
by the Biological Sciences Curriculum Study to have guided its organiza- 
tion of subject matter and to permeate all of biological thought, there is 
not a single one, considered in its dynamic aspect, but is encompassed 
by this general statement. In fact, in the still more concise formulation: 
“All matter and all energy exist and interact in time and space,” the 
universe itself is comprehended. Yet, for the very reason that it is all- 
inclusive, such a concept is of little or no practical value in the organiza- 
tion and planning of a science curriculum. For the latter, a more detailed 
categorization and application of principle to subject matter are re- 
quired. One cannot propose to study at one and the same time the 
processes of evolution, the nature of genetic continuity, the growth and 
development of individual organisms, the dynamic relations of the com- 
ponents of a living community, the metabolic turnover, and the homeo- 
static regulations that enable a living system—cell, organism, or com- 
munity—to maintain its essential being in the face of the inimical condi- 
tions of the outer world and the inescapable degradation of energy. The 
very essence of a curriculum study involves the determination of the 
relative emphasis, sequence, and the interrelations of concepts and 
content. 

One is reminded that a great Greek philosopher, perhaps the most 
scientific among them, Heracleitus, held that change was the central 
idea that explained all existence. In unforgettable words, he said: “No 
man ever steps into the same river twice.” This rhetoric can, of course, 
be interpreted in two ways. It is never the same river, for the water has 
flowed unceasingly in the meantime, and on the second occasion the 
man steps into new water. If the river is the water, as well as the course 
it takes, the river is indeed never twice the same. This, I feel sure, is the 
way the physical scientist interprets the dictum of Heracleitus. The 
biologist, on the contrary, looks at the meaning rather differently. It is 
never the same man who steps into the river twice. He has lived, he has 
aged, he has changed in the meantime. He may have memories of the 
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former man he once was, but his substance has been steadily and 
unceasingly exchanged and renewed, until after seven years or so there 
is perhaps no atom within him that was there at the beginning. 
Here again, and because of the very comprehensiveness of this con- 
cept, the biologist must fear the mistaken emphasis. The change in the 
river is no more important than the change in the man. In fact, since 
science is an inescapably human way of looking at the phenomena of 
nature, including man himself, one might defend the view that the study 
of science should begin with the nature of man and proceed outward 
toward the larger and more distant environment. I do not wish to 
defend that position here, but I do regard it as defensible, and if it be 
accepted, where is then the value of attempting to force all statements 
of major scientific conceptualization into a strictly physical mold? If you 
put all of biology under three of seven concepts, and the three are 
themselves stated in a strictly physical way, does this formulation in no 
way imply that the place of the biological sciences in the science cur- 
riculum should be considerably less than a half share? If not—if study 
of the life sciences be admittedly more equal in value to the study of 
the physical sciences—then one of two courses of action lies open. One 
can, on the one hand, organize the course of study of the biological 
sciences and the physical sciences in relative independence, with as 
much coordination between them as is reasonable in the present era, 
but without losing sight in performing each task of the primacy of the 
particular biological or physical view. Or, on the other hand, one can 
attempt to organize the program of study into units that represent areas 
or problems of human experience, each of which might well involve 
both physical and biological content and points of view. In the past, 
our high school, college, and university instruction have been developed 
on the basis of the first type of curriculum planning. The junior high 
school, for almost a half century, has pursued the second type by means 
of a “general science” program. The danger of the first type of curric- 
ulum study and planning is fragmentation and uncoordinated rivalry 
between special parts of science. Botany and zoology compete for 
shares of time and attention. Inorganic and organic chemistry split the 
pie, and biochemistry is left out in the cold. Nuclear physics vies with 
mechanics and with thermodynamics for a larger place in the sun. These 
rivalries of fragmented, incomplete portions of a larger science are highly 
unfortunate in their effects and have been combatted by such groups as 
the Biological Sciences Curriculum Study. It is indeed appalling that 
a future high school teacher, while in training in college, in many 
institutions cannot find a basic course in which microorganisms, plants, 
and animals are all considered, and in which the principles of genetics 
can be learned by useful cross comparisons between the results of 
animal and plant crosses, without senseless duplications of the same 


283 


subject matter in “zoological” and “botanical” courses; and it is horrify- 
ing and anachronistic that a student can study “biology” without learn- 
ing on the one hand of its macromolecular foundations or on the other 
without discerning the principles of population growth or community 
interdependence. The interrelationship of the living system and its 
environment requires study and understanding at every level of organi- 
zation from the molecular to the biome. The existing curriculum studies 
have accomplished much to prevent this kind of unbalance in the future. 

In contrast, the attempt made by the Committee in its report to 
unify the treatment of all the sciences by reducing curriculum planning 
to the strictly physical point of view embodied in the seven concepts 
seems not only to be philosophically unsound but also educationally 
unwise. It is generally admitted that at present considerable improve- 
ment has been made in the preparation of more modern science courses 
in the secondary schools of the United States. A beginning is now being 
made in the development of science units for the elementary school. 
Very little is currently being done, however, to improve the teaching 
of science in the junior high school, generally acknowledged to be the 
weakest link in the chain of science education. It seems to me that a 
considerable effort must be made by several, or many, groups to prepare 
well-coordinated science programs, truly worthy of the name of science, 
for the seventh, eighth, and ninth grades. It is not likely that any single 
group of planners and writers, no matter how competent and how 
dedicated they may be, can alone achieve an ideal program in science 
for these school years. Rather than a monolithic, authoritative plan, let 
us rather try to develop a number of possible sequences and programs 
for these grades and then test them thoroughly in the schools. In my 
own opinion, the greatest need in these years is for development of a 
good physical science program that will make it possible for students 
to enter tenth-grade biology—BSCS or other—with a knowledge of the 
fundamental constitution of matter, of transformations of energy, and 
of chemical change, I also believe, however, that a considerable portion 
of the junior high school years should be devoted to biological study, 
and not on account of its scientific value only. Many students leave 
school upon completing the junior high school, and they, as future 
parents and citizens, like the rest of us, need some practical introduction 
to biology upon the basis of which they can make many of the future 
decisions so important to themselves as individuals, to their families, 
their communities, and their nation, The future of democratic society 
in a scientific age rests upon the ability of its individual citizens to 
appreciate the natural forces and phenomena that are the setting and 
the essence of man’s biological existence, and to value the scientific way 
of investigating them. The power of man’s civilization rests upon science 
today, and not alone on the conquest of the atom or the control of 
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physical and chemical energies in the external environment. It rests 
equally upon a knowledge of man’s own nature and of his one-ness with 
his environment, upon his knowledge of nutrition, disease, heredity, and 
the community of organisms. Man’s freedom from the chains of super- 
stition and ignorance depends fully as much upon Darwin, Mendel, 
and Pasteur as upon Copernicus, Galileo, Newton, and Einstein. We 
must therefore see that the junior high school curriculum is well bal- 
anced and not top-heavy with physical science. The danger of the 
Committee’s formulation is exactly the latter. By emphasis and implica- 
tion as much as by specific formulation, the physical sciences are 
thereby enthroned as the truly significant aspects of science, and the 
methods of the physical sciences as sufficiently representative of all the 
sciences. 

For my part, I shall not try to formulate any great concepts that 
embrace all of the sciences on an equal footing. Perhaps, some day, it 
may be possible to do so, as the monist philosophers of ancient Greece 
dreamed it might be, and as Einstein in his later years endeavored to do. 
For curriculum planning in the elementary and secondary schools here 
and now, I shall be satisfied as a biologist to add to the seven great 
truths formulated by the Committee the more modest “themes” of the 
Biological Sciences Curriculum Study. These themes, in point of fact, 
we found to be of very little use in detailed curriculum planning. What 
they turned out to be were concepts that coursed through and permeated 
every chapter and verse of whatever we did, no matter what points of 
view and patterns of organization we attempted to develop. Whatever 
the emphasis of a particular BSCS “version,” we found the same themes 
to be of constant significance. That is why, in the end, we called them 
“themes.” Very likely, the seven major conceptual ideas formulated 
by the Committee will turn out to possess a similar character. They will 
be of little value in actually planning courses and programs in science 
education. They are scientific ideas that must be held securely in the 
mind, and must never be forgotten or ignored while a program of 
study in the physical sciences is being developed. They are not the 
sole or even the most appropriate themes for educators to keep con- 
stantly in mind while developing programs in biology, or for students 
to keep constantly in mind while studying biology. Nor are they in any 
way likely to be of value in securing a good balance of the biological 
and physical points of view in the practical work of selecting content, 
choosing emphases, and coordinating physical and biological concepts 
and methods, all so necessary in preparing an effective new science 
course at any educational level. 
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An Evaluation of the 
Conceptual Schemes Approach 
to Science Curriculum Development 


David P. Ausubel 


Although some psychological considerations are pertinent to the 
consideration of the validity of the “conceptual schemes”! approach to 
the development of a science curriculum, the evaluation of the validity 
of this approach really lies more within the competence of a philosopher 
of science. Since I am primarily an educational and developmental psy- 
chologist, I am, properly speaking, out of my depth in discussing this 
problem with you. The basic issues involved in this assessment of validity 
are indeed more philosophical than they are psychological. Nevertheless, 
as a social scientist, I have my own particular biases in the philosophy of 


"Reprinted from the Journal of Research in Science Teaching, V. 3, pp. 255- 
264 (1965). ©, by permission. 

1The seven conceptual schemes formulated by the NSTA Curriculum Com- 
mittee as a basis for science curriculum development in “Theory into Action” 
are as follows: 

1. All matter is composed of units called fundamental particles; under cer- 
tain conditions these particles can be transformed into energy and vice versa. 

2. Matter exists in the form of units which can be classified into hierarchies 
of organization levels. 


3. The behavior of matter in the universe can be described on a statistical 
basis. 


4. Units of matter interact. The bases of 
magnetic, gravitational, and nuclear forces, 

5. All interacting units of matter tend toward equilibrium states in which 
the energy content (enthalpy) is a minimum and the energy distribution 
(entropy) is most random. In the process of attaining equilibrium, energy 
transformations or matter transformations or matter—energy transformations 
occur. Nevertheless, the sum of energy and matter in the universe remains 
constant. 

6. Опе of the forms of energy is the motion of units of matter. Such motion 
is responsible for heat and temperature and for the states of matter: solid, 
liquid, and gaseous. 

7. All matter exists in time and space and, since interactions occur among 
its units, matter is subject in some degree to changes with time. Such changes 
may occur at various rates and in various patterns. 
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all ordinary interactions are electro- 


science, and these will emerge quite unambiguously along with my dis- 
cussion of the relevant psychological principles, both in classroom learn- 
ing theory and in intellectual development. 


Tue PHILOSOPHICAL POSITION 


My philosophical position, briefly put, is simply this: Even 
though there is undoubtedly some interdisciplinary overlapping between 
sciences with respect to both content and methodology, each particular 
discipline tends idiosyncratically to develop its own unifying concepts 
and undergirding themes, as well as its own scientific method, depend- 
ing on its own idiosyncratic history, content, problems, objectives, and 
methodology.? Hence, any general statement of conceptual schemes that 
purportedly underlies all science is likely to be characterized by one or 
both of the following two features: 

1. It is stated at such a high level of generality that it pertains 
nce than to the phenomenological and 
conceptual levels at which science is actually conducted and taught. 
To be sure, it is explicitly stipulated that the seven Conceptual Schemes 
are not thought of “as topics for individual units or courses;” but even 
if this is true, their curriculum derivatives, if they are to apply to all 
science, must be of such a general nature as to be philosophical rather 
than substantive in character. Principles at this level of generality, in 
my opinion, are too abstract to be meaningful to elementary and high 
school students. The philosophy of science should not be taught to 
scientifically unsophisticated individuals. Before one can understand or 
formulate a philosophy of science, considerable sophistication in a wide 
variety of sciences and in the history of science is required. The quali- 
fication also applies, of course, to the professional philosopher of science 
if we expect him to distinguish between what is known now in the 
various disciplines, from what is truly knowable in these same fields as 
a function of their inherent properties and limitations. 

Epistemology, in other words, is not only a function of the nature of 
a given discipline. It is also a function of the cognitive properties of the 
knower. In part, this is immutable—a reflection of genetically limited 
capacities for conceptualization, information processing, and problem 
NSTA position paper explicitly concedes this 
point in its preliminary statement by saying, “The process of science has no 
discernible rules . . . which no two scientists perform in precisely the same 


way.” But it then goes on to lay down seven conceptual and five process 


themes that undergird all science. Throughout the document (e.g., pp. 4, 9, 
11, and 33) reference is made to the process of science and the conceptual 
schemes of science, as if science were a unitary and monolithic rather than a 


multiform enterprise. 


more to the philosophy of scie 


2The Committee preparing the 
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solving. In part also, it is a reflection of cognitive maturity. As Piaget 
insists, there is such a thing as “genetic epistemology.” What can be 
known at any given age level, therefore, is partly a function of the 
general maturity of the knower’s cognitive processes, as well as of his 
over-all sophistication in science and in any particular scientific disci- 
pline. The latter qualification, of course, also applies to adults. In short, 
these seven Conceptual Schemes are not consonant with principles of 
genetic epistemology, that is, their level of generality presupposes more 
cognitive maturity and/or subject matter sophistication than is pos- 
sessed by elementary and high school students. I agree with Paul Hurd 
that “it is wasteful to teach facts divorced from a meaningful concept.” 
However, the issue at stake here is the level of generality of a concept 
that is meaningful to a student at a given level of cognitive maturity 
and subject matter sophistication. 


2. The second typical feature characterizing a set of conceptual 
schemes purportedly applying to all science is that it applies only to the 
limited group of sciences represented by the disciplinary affiliations of 
the authors of the conceptual schemes in question. Thus, this particular 
set of conceptual schemes applies well to the physical sciences, hardly 
at all to the biological sciences, and still less well to psychology and the 
social sciences. I know that scientists other than those in the physical 
sciences participated in the preparation of this position paper. Hence, 
I find it difficult to understand how they were able to go along with 
it. The only explanation I can offer is that the physicists and chemists 
on the Committee were unusually persuasive. In my opinion, it would 
do students a great dis-service to lead them to believe that these 
same conceptual schemes apply equally well to all sciences, particu- 
larly the biological and social. Imagine what the resulting disenchant- 
ment would be! 

One aspect of this position paper, however, that I can endorse 
without any qualification whatsoever, is its insistence that “uncertain- 
ties in science should be presented clearly and frequently to students” 
and that neither scientific fact nor theory are immutable. 

Let me be more specific now about the Conceptual Schemes them- 
selves, In my opinion, Conceptual Schemes I and II have little applica- 
bility to biology, psychology, or the social sciences, At most, these 
principles apply, for example, to psychology in a substrate rather than 
in an explanatory sense. For instance, suppose we are interested іп 
ascertaining the nature of thought. Thought, in turn, depends upon 
the percepts and concepts available in the conscious field. These 
phenomena, in turn depend upon neuroanatomical 
logical processes in neural tissues, At the s 
conforms to the energy phenomena and meta 
living matter. Living cells, 


and neurophysio- 
ame time, neural tissue 
bolic requirements of all 
in turn, are composed of complex protein 
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molecules which, in turn, are composed of more fundamental physical 
particles. What these Conceptual Schemes fail to make explicit is that 
the laws governing the properties of lower levels in this hierarchy of 
phenomenology apply to the higher levels in only a substrate but not 
in an explanatory sense. 

Ultimately, of course, thought depends in a substrate sense on the 
special anatomy and physiology of the brain and on general cellular 
metabolism, Dead men do not think and brain damage may distort 
thought processes. It is quite conceivable, however, that the nature of 
thought as a psychological process is not dependent in any way— 
explanatory-wise or substrate-wise—upon a particular set of correspond- 
ing neurophysiological processes, but only on the availability of the 
concepts апа percepts involved, which, from a phenomenological 
standpoint, are obviously immaterial in nature. In other words, the 
ultimate substrate dependence of thought on the nervous system may 
be only indirect, that is, reflective of the dependence of percepts and 
concepts on an intact cerebral cortex. But phenomenologically speaking, 
percepts and concepts are entirely immaterial in nature despite this 
dependence; and it is not beyond the realm of probability that the 
manipulation of these immaterial conceptual entities in various thought 
patterns may, in turn, involve purely immaterial processes that conform 
to purely psychological laws, and involve cerebral physiology only inso- 


far as various associative pathways are structurally and functionally 


intact. 

The third Conceptual Scheme, with respect to the statistical descrip- 
tion of the behavior of matter, has a little more relevance for biology 
and psychology. But even here its relevance is vitiated by the choice 
of an unfortunate example, i.e., Mendelian laws of heredity. It is asserted 
that “on the basis of the Mendelian laws, it is possible to predict the 
distribution of characteristics among а significant population of off- 
spring.” Actually, Mendelian laws predict the distribution of only those 
traits that are uniformly or dichotomously distributed in a given species, 
that is, determined by single-gene effects. Most normal and pathological 
traits, on the other hand, are normally distributed and are determined 
by polygenic rather than by single-gene or Mendelian principles. т 

The fourth Conceptual Scheme regarding the interaction among units 
of matter has only farfetched applicability to the behavior of living 
organisms. Consider the statement that “the behavior of a worm or a 
human being can be predicted best in terms of exchanges of energy and 
information between the organism and the environment.” Here exchanges 
of energy and information between organism and environment are 
blithely considered qualitatively comparable, whereas actually there is 
a world of difference between them, particularly at the human level 
where information is largely symbolic in nature. 

The fifth Conceptual Scheme (regarding equilibrium states) also has 
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only remote reference to behavior, especially at the mammalian level. 
The easiest way to maintain behavioral equilibrium is to remain cogni- 
tively inert. But curiosity, venturesomeness, groping for new knowledge, 
and the drives for competence and mastery represent deliberate efforts 
to destroy existing equilibrium states. The restoration of homeostatic 
equilibrium through such drives as hunger and thirst, on the other hand, 
is now regarded as a relatively unimportant source of activity among 
human beings and other primate species. 

The application of kinetic and electric field theory to the selective 
diffusion of molecules across such semipermeable membranes as the 
placenta and the kidney tubules (as proposed in the sixth Conceptual 
Scheme) also has more substrate than explanatory value. In multicellular 
organisms the determinative variables regulating the differential diffu- 
sion of various electrolytes across semipermeable membranes are typ- 
ically hormonal or enzymatic in nature. 

Similarly, the application of the seventh Conceptual Scheme to bio- 
logical, behavioral, and social processes constitutes little more than a 
platitudinous truism that has no explanatory value whatsoever for 
changes occurring over time. Lastly, the five “major items in the process 
of science” are stated at such a high level of generality as to constitute 
part of the philosophy of science. For any particular science they have 
little explanatory value either for the inquiry process itself or for the 
methodology of that science. 


THE PSYCHOLOGICAL ARGUMENT 


A parallel psychological case revolving about the nature of 
problem solving and transfer can be made against the seven Conceptual 
Schemes. The position paper emphasizes that “because we are interested 
in how the pupil gains knowledge and understanding, the implication of 
cognitive processes for curriculum development must be considered.” 
In this respect, the underlying basis of the Conceptual Schemes has 
obviously been influenced by Bruner’s notion of the “heuristics of dis- 
covery.” Once the heuristics of discovery have been mastered they 
constitute, according to Bruner, “a state of problem-solving or inquiry 
that serves for any kind of task one may encounter.” Similarly, Suchman’s 
Inquiry Training Program “is not proposed as a new way to teach 
science, but as a way of teaching basic cognitive skills . . . (that belong) 
in the science program and in every other curriculum area that requires 

‚ reasoning and the formulation and testing of hypotheses.” [2] 

The principal difficulty with this approach, as the faculty psychologists 
discovered, is that critical-thinking ability can be enhanced only within 
the context of a specific discipline. Grand strategies of discovery, like 
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scientific method, do not seem to be transferable across disciplinary 
lines—either when acquired within a given discipline or when learned 
in a more general form apart from specific subject-matter content. This 
principle has been confirmed by countless studies, and is illustrated by 
the laughable errors of logic and judgment committed by distinguished 
scientists who wander outside their own disciplines. The only kinds of 
transfer that have been empirically demonstrated in problem-solving 
situations are the transfer of specific skills, the transfer of general prin- 
ciples, and the transfer of general approach or orientation to a specified 
class of problems. Hence, critical thinking cannot be taught as a gen- 
eralized ability; in practice it can be enhanced only by adopting a 
precise, analytical, and critical approach to the teaching of a particular 
discipline, an approach that fosters appreciation of scientific method in 
that discipline. Also, from a purely theoretical standpoint alone, it 
hardly seems plausible that a strategy of inquiry or a set of conceptual 
schemes, which must necessarily be broad enough to be applicable to 
a wide range of disciplines and problems, can ever have, at the same 
time, sufficient particular relevance to be helpful in the understanding 
of a specific principle or the solution of the specific problem at hand. 
And from the standpoint of elementary and high school pupils, one 
wonders whether conceptual schemes or principles of inquiry pitched 
at this level of abstraction could ever be meaningful enough to be used 
successfully in problem solving and in acquiring understanding of sci- 
entific subject matter. 

Much of this “heuristics of discovery” orientation to the teaching of 
science is implied by the view that the principal objectives of science 
instruction are the acquisition of general inquiry skills, appropriate 
attitudes about science, and training in the operations of discovery. 
Implicit OR explicit in this approach is the belief either that the particular 
choice of subject matter chosen to implement these goals is a matter of 
indifference (as long as it is suitable for the operations of inquiry), or 
that somehow, in the course of performing a series of unrelated experi- 
ments in depth, the learner acquires all of the really important subject 
matter he needs to know. Thus, Hibbs states: 


ther the student learns any particular set of 


It does not matter whe с 
ns how much fun it is to learn— 


facts, but it does matter whether he lear е 
to observe and experiment, to question and analyze the world without 


any ready-made set of answers and without any premium on the accuracy 
of his factual results, at least in the field of science. [3] 


And Suchman contends that 


tainment of concepts is the ability to inquire and 
_. The schools must have a new pedagogy 
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more basic than the аб 
discover them autonomously . 


with a new set of goals which subordinates retention to thinking. Instead 
of devoting their efforts to storing information and recalling it on 
demand, they would be developing the cognitive functions needed to 
seek out and organize information in a way that would be most pro- 
ductive of new concepts. [2] 


Finally, Paul Hurd in this position paper contends: 


To state the goals of science education is to describe the cognitive 
skills expected in the student rather than the knowledge assumed essen- 
tial to attaining these skills. 


All of this implies, of course, that the inquiry process per se in science 
education is more important than the acquisition of a particular body 
of knowledge. 

In my opinion, any science curriculum worthy of the name must be 
concerned with the systematic presentation of an organized body of 
knowledge as an explicit end in itself. Even if it is relatively superficial 
and organized on an intuitive basis, as it must be in the elementary 
school, the science curriculum should make a start in this direction and 
give the student a feeling for science as a selectively and sequentially 
organized structure of knowledge. This is no less important than im- 
parting the view that science is a method of inquiry. 

It is also somewhat unrealistic to expect that subject-matter content 
can be acquired incidentally as a by-product of problem-solving or dis- 
covery experience, as in the typical activity program or project method. 
Such incidental teaching pays too little attention to graded and syste- 
matically organized content, to substantive and programatic aspects of 
presentation, and to practice and feedback variables. 

The development of problem-solving ability is, of course, a legitimate 
and significant educational objective in its own right. Hence, it is highly 
defensible to utilize a certain proportion of classroom time in developing 
appreciation of and facility in the use of scientific methods of inquiry 
and of other empirical, inductive, and deductive problem-solving рго- 
cedures. But this is a far cry from advocating that the enhancement of 
problem-solving ability is the major function of the school. The goals of 
the science student and the goals of the scientist are not identical. 


Hence, students cannot learn science effectively by enacting the role 
of junior scientist. 


The scientist is engaged in a full-time search for new general or applied 
principles in his field. The student, on the other hand, is primarily en- 
gaged in an effort to learn the same basic subject matter in this field 
which the scientist learned in his student days, and also to learn some- 
thing of the method and spirit of scientific inquiry. Thus, while it makes 
perfectly good sense for the scientist to work full-time formulating and 
testing new hypotheses, it is quite indefensible . . . for the student to 
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... (do) the same thing . . . If he is ever to discover he must first learn; 
and he cannot learn adequately by pretending he is a junior scientist. 

To acquire facility in problem-solving and scientific method it is also 
unnecessary for learners to rediscover every principle in the syllabus. 
Since problem-solving ability is itself transferable, at least within a given 
subject-matter field, facility gained in independently formulating and 
applying one generalization is transferable to other problems in the same 
discipline. Furthermore, overemphasis on developing problem-solving 
ability would ultimately defeat its own ends. (Because of its time- 
consuming aspects) it would leave students with insufficient time in 
which to learn the content of a discipline; and hence, despite their adept- 
ness at problem-solving they would be unable to solve simple problems 
involving the application of such content. 


Under these circumstances, students would fail to acquire the mini- 
mal degree of subject-matter sophistication in a given discipline that is 
necessary for abstract intellectual functioning in that discipline, much 
less make original research contributions to science. 


DEVELOPMENTAL CONSIDERATIONS 


TA Position Paper “is with identi- 
apply to any or all curriculum 
attention to the aspects or issues 
aches in each area, and 
based on them 


One major concern of the NS 
fying the broad principles that can 
development efforts in science. It calls 
of science teaching and the most promising appro 
encourages the development of a coordinated curriculum, 
from kindergarten through grade 12 and beyond.” 

The implication here is that the same seven Conceptual Schemes are 
equally useful for curriculum programs at all age levels, except perhaps 
for differences in the level of abstraction at which materials are pre- 
sented. How warranted is this assumption? I am not so sure that the 
same “big ideas” can be grasped in kindergarten as in grade 12. This 
assumption in the position paper again relies heavily on Bruner’s con- 
ception that any subject can be taught meaningfully to students at any 
grade level, provided that one takes account of the child’s develop- 


mental level of cognitive functioning. 


By suitably adapting methods of teaching to the child's level of 
cognitive functioning, both Bruner and Inhelder believe that it is possible 
to teach preschool and primary school children any subject that can be 
taught to adolescent students. It is quite possible, of course, that prior 
intuitive understanding of certain concepts during childhood could facil- 
itate their learning and stabilize their retention when they are taught at 
a more formal, abstract level during adolescence. In fact, this procedure 
may be the most effective means of discouraging rote memorization of 


verbally presented propositions in the secondary school. | 
However, it undoubtedly overstates the case to claim that any subject 
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can be taught to children in the preoperational stage or in the stage of 
concrete operations provided that the material is presented in an informal, 
intuitive fashion with the aid of overt manipulation or concrete-empirical 
props. It is readily conceivable that some topics, such as “set-theory” in 
mathematics, can be successfully learned by fourth-grade pupils when 
recast in accordance with their characteristic ways of thinking and con- 
ceptualizing experience. This hardly rules out the possibility, however, 
that the comprehension of many other ideas presupposes a certain mini- 
mal level of life experience, cognitive maturity, and subject-matter 
sophistication, or that some ideas simply cannot be expressed without 
the use of certain higher-order abstractions. These latter kinds of concepts 
would be intrinsically too difficult for preschool and primary school chil- 
dren irrespective of the method of presentation. Moreover, even assuming 
that all abstract-verbal concepts could be restructured on an intuitive 
basis, it would still be unreasonable to expect that they could all be made 
comprehensible to children at any age level. Although the intuitive com- 
prehensibility of any given restructured idea is best determined empir- 
ically, it would surely be plausible on a priori grounds to expect that a 
certain proportion of these ideas could not be rendered understandable 
to typical pupils in some of the preschool and elementary grades. [7] 


The position paper also contends, on theoretical grounds, that “con- 
cepts are most easily acquired when familiar and concrete perceptual 
materials are used,” but then goes on to endorse many practices that 
are obviously inconsistent with this precept at the elementary school 
level of instruction. The elementary-school child is completely depen- 
dent upon current or recently prior concrete-empirical experience for 
the meaningful understanding or manipulation of relational propositions. 
He tends to appreciate relationships between abstractions intuitively— 
as rather immediate logical extensions of his own personal experience, 
rather than in the truly abstract sense of relationships between general 
variables. [8] Hence, general laws and methodological canons of science, 
in their own right, have little meaning and intellectual appeal for him; 
they make sense only insofar as they are relatable to more tangible types 
of experience. “Utility” is a major example of this type of experience, but 
is certainly not the only possible example. 

As far as elementary school children are concerned, therefore, one 
cannot hope to reduce science to “first principles” and basic abstract 
laws. [9] At the very best, one can strive for a semiabstract, intuitive 
grasp of these laws on a descriptive and manipulative level that is tied 
to particularized experience. On the methodological side, abstract prin- 
ciples of scientific inquiry and strategy also have much less meaning 
for children than a purely concrete-empirical explanation of how it 
is possible for mankind to know the facts 
discussion. [10] 

Similarly, the suggestion that sciences be studied in the order of their 
phenomenological complexity, i.e., that one start with 


and generalizations under 


“the basic con- 
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cepts of physics and chemistry before tackling the complex phenomena 
of biology and geology” [11] is logically sound but psychologically 
unfeasible. More important pedagogically than the logical structure of 
knowledge is the pupil’s intellectual readiness to handle different 
kinds of subject matter; and from the standpoint of relevant experience 
and readiness, the phenomenologically “simple” laws of physics are far 
more abstract and difficult than the phenomenologically “complex” laws 
of biology and geology which are so much closer to every-day experi- 
ence. This is not to deny the possibility that some aspects of physics 
might be profitably introduced in the elementary-school curriculum. 
However, before this could be done in the “rigorous fashion (physics ) 
deserves,” the teaching of elementary school mathematics would first 
have to be sufficiently improved to make possible a more functional 
intuitive understanding of the quantitative relationships that figure so 
prominently in the physical sciences. [11] 

Оп the other hand, the position paper's endorsement of the concrete- 
perceptual approach to science teaching is entirely too generalized and 
unqualified. It fails to take account of important developmental changes 
that occur in cognitive functioning beginning with the adolescent pe- 
riod. At the high school level and beyond, routine reliance on current 
or recently prior concrete-empirical props is necessary neither for 
understanding abstract principles nor for solving abstract problems. 
Expository verbal teaching through definition and other forms of verbal 
exposition becomes much more feasible at this age. The dangers of 
‘verbalization without understanding” are not nearly as great as Hurd 


seems to imply. 


BREADTH versus DEPTH 


Many factors counsel a choice of breadth over depth in the 
content of elementary school science. First, from a logistical standpoint, 
the young child is not prepared for depth of subject matter coverage. 
His limited attention span and his dependence on concrete-empirical 
Props slow down greatly his rate of learning new material, thereby 
making it difficult for him to assimilate a wide array of information 
about a given topic; and the paucity of higher-order abstractions in his 
cognitive structure and the particularized, semiabstract, and relatively 
imprecise nature of his concepts detract from his ability to organize 
and integrate this material in usable fashion. Second, because both his 
intellect and personality are still relatively uncrystallized and lacking in 
self-consistency, the elementary-school child is a “generalist.” It is ap- 
propriate, therefore, to diversify the range of intellectual stimulation 
as widely as possible, because only in this way can all of the diverse 
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potentialities both within a group of children and within a single child 
be brought to fruition. A broad curriculum, within the limits of peda- 
gogic soundness, makes it possible for more pupils to experience suc- 
cess in the performance of school activities, and hence to develop the 
necessary self-confidence and motivation for continued academic striv- 
ing and achievement. 

Breadth, of course, inevitably implies a certain amount of super- 
ficiality. This superficiality, however, is not necessarily opprobrious. 
Whether it is desirable or undesirable cannot be judged in absolute 
terms, but only in relation to the student’s intellectual readiness for 
depth. It should also be pointed out in this connection that superficiality 
itself is always a relative state of affairs; the graduate-school curriculum 
is just as superficial to the post-doctoral scholar as the elementary-school 
curriculum is to the college undergraduate. The spiral curriculum—the 
reintroduction of the same topics in progressively greater depth as intel- 
lectual readiness and maturity increase—is predicated on this assumption. 

Superficiality is also not synonymous with triviality or with slipshod, 
unsystematic, or outdated teaching. Good teaching is as thorough as is 
possible at the appropriate level of breadth and depth: and even at the 
elementary-school level it allows for the occasional introduction of atypi- 
cal depth, both substantively and methodologically, to give the student 
a taste of scholarship and of research inquiry. But, as will be pointed 
out later, the probing in depth of isolated areas, apart from the syste- 
matic presentation of subject matter—merely as a means of enhancing 
inquiry skills or methodological sophistication—is indefensible at any 
age level, and particularly in the elementary school. It is a type of 
activity suitable for the scholar and research scientist—after he has 
acquired substantive and methodological sophistication in his field, [12] 


Tue ROLE or THE LABORATORY IN SCIENCE EDUCATION 


This brings us to the role of the laboratory in science education. 
I agree wholeheartedly with the authors of the position paper that 


a heavy emphasis should be placed on the n 
process by which new knowledge is obtained 
planned to develop understanding of the basic ideas of science con- 


comitant with the appreciation of the methods of science; these two 
aspects should not be treated independently. 


ature of science or the 
‚ Instruction should be 


The trouble with this statement, in my opinion, is that it is not suffi- 
ciently explicit. It emphasizes the role of the laboratory in teaching the 
process of science, and the importance of coordinating laboratory and 
expository instruction. They certainly should not be treated indepen- 
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dently. But it is necessary, in my opinion, to be much more explicit 
about the respective roles of laboratory and expository teaching in 
transmitting knowledge of subject-matter content, on the one hand, and 
understanding of scientific methodology, on the other. Primary respon- 
sibility for transmitting the content of science should be delegated to 
teacher and textbook, whereas primary responsibility for transmitting 
appreciation of scientific method should be delegated to the laboratory. 
This does not imply, however, that laboratory and classroom should be 
uncoordinated or that related substantive and methodological principles 
should not be considered together whenever relevant. 

Yet, science courses at all academic levels are traditionally organized 
so that students waste many valuable hours in the laboratory collecting 
and manipulating empirical data which, at the very best, help them 
rediscover or exemplify principles that the instructor could present 
verbally and demonstrate visually in a matter of minutes. Hence, al- 
though laboratory work can easily be justified on the grounds of giving 
students some appreciation of the spirit and methods of scientific inquiry, 
and of promoting problem-solving, analytic, and generalizing ability, it 
is a very time-consuming and inefficient practice for routine purposes 
of teaching subject-matter content or of illustrating principles, where 
didactic exposition or simple demonstration are perfectly adequate. 
Knowledge of the methods whereby data and principles in a particular 
discipline are acquired need not necessarily be gained in all instances 
through self-discovery in the laboratory. In many situations, this purpose 
can be accomplished much more efficiently through didactic exposition 
in conjunction with demonstrations апа paper-and-pencil exercises, 

Laboratory work in the present context refers to inductive discovery 
experience and should not be confused with demonstrations and simple 
exercises. Nevertheless, it involves a contrived type of discovery that is 
very different from the truly autonomous discovery activities of the 
research scholar and scientist. The immature or unsophisticated student 
is only confused by the natural complexities of raw, unselected, and 
unsystematized data. Before he can discover concepts and generaliza- 
tions efficiently, the problem must be structured for him, and the avail- 
able procedures and methods of handling data must be skillfully ar- 
ranged” by others, that is, simplified, selectively schematized, and 
sequentially organized in such a way as to make ultimate discovery 


almost inevitable. Occasional independent design of experiments may 


have a salutary effect in conveying the actual spirit of scientific inquiry, 


but should hardly be a routine procedure. | 
Thus, in dividing the labor of scientific instruction, the laboratory 


typically carries the burden of conveying the method and spirit of 
science, whereas the textbook and teacher assume the burden of trans- 
mitting subject-matter content. The laboratory, however, should be care- 
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fully integrated with the textbook; it should deal with methodology 
related to the subject-matter content of the course and not with experi- 
ments chosen solely because of their suitability for illustrating various 
strategies of discovery. It goes without saying of course, that laboratory 
methods should be used only when the underlying methodology and 
substantive principles are thoroughly understood, rather than followed 
mechanically in cook-book fashion. [12] 


SUMMARY AND CONCLUSIONS 


In my opinion, on philosophical grounds, no set of conceptual 
schemes or principles of scientific method are applicable to all science. 
Each science has its own idiosyncratic undergirding themes and methods 
of inquiry. An all-encompassing set of conceptual themes is likely to be 
characterized (1) by a level of generality that is reminiscent of the 
philosophy of science, and hence beyond the cognitive maturity and 
scientific sophistication of elementary and high school students; and 
(2) by only farfetched relevance and applicability to many scientific 
disciplines. The seven Conceptual Schemes prepared by the NSTA 
Curriculum Committee are characterized by both of these features. They 
are both stated at a level of generality that has little applicability to 
the phenomenological and conceptual levels at which science is actually 
conducted and taught, and are applicable at this philosophical level to 


the physical sciences but not to the biological, behavioral, and social 
sciences. 


Psychologically, little transfer, either in the underst 
propositions or in problem solving, is possible acro 
fields. Hence, a science curriculum at the elementary-school level that 
stresses the “heuristics of discovery,” and ignores substantive content as 
an end in itself, is psychologically and pedagogically unsound. 

From a developmental standpoint the seven Conceptual Schemes 
are not equally suitable for all age levels; some subject-matter principles 
cannot be transmitted to young children no matter how they are pre- 
sented. Routine reliance on concrete-empirical experience is unnecessary 
both for problem-solving purposes and for transmitting scientific subject- 
matter content to adolescent pupils. At the elementary-school level, on 
the other hand, the child’s dependence on concrete-empirical experience 
makes unfeasible such suggestions as teaching him “first principles,” 
basic abstract laws, or methodological canons of science either at the 
level of generality contemplated in this position paper or divorced from 
his everyday experience, Similarly unfeasible psychologically is the 


proposal to teach sciences in the “order of their phenomenological 
complexity.” 


anding of scientific 
ss_interdisciplinary 


The principal function of the laboratory is not to transmit subject- 
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matter content ог to demonstrate principles of science on ап audio- 
visual basis, but to teach scientific method. Curriculums in science must 
also be concerned with transmitting organized bodies of knowledge 
rather than with the mere development of inquiry skills in which sub- 
ject matter content is only of incidental concern in the development of 
such skills. 

The solution to the problem of curriculum development in science lies 
not in abandoning che “conceptual schemes” approach. This would be 
throwing away the baby with the bath water. This approach is philo- 
sophically, psychologically, and pedagogically sound provided that it is 
modified so that a separate set of conceptual schemes is made available 
for each particular discipline. To seek one set of conceptual schemes 
that attempts to encompass all science is as illusory as seeking the 


fountain of youth or the philosopher's stone. 
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Science in the 
Total Framework of Instruction 


In the present days of emphasis on science it is well to examine 
the problem of how important scientific literacy is to people. If science 
is important, how can science teaching be more nearly directed into the 
mainstream of life, and how can science curricula be better integrated 
into the overall framework of public education? Should the humanities 
and arts continue to be neglected as has been increasingly true during 
the past few years? What are some basic values and goals toward which 
science educators should strive? 
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Science, Heuristics, and Humanism* 


Donald W. Stotler 


approaches in science education have 
mediate challenge while providing 
е have devoted so much time to 


The newer post-Sputnik 
served us well. They have met the їп 
us with springboards to the future. Wi 
the installation of these springboards, however, that all too little time 
has been devoted to what lies beyond. What are we diving into? Let 
us consider what can be done now to prepare for changes which will 
take place during the next three decades, less than half the expected 


lifetime of today’s citizen. 

As we look ahead, it is not enoug 
typically used today. Leading scientists 
needed in the science enterprise, such as: 
oving from one’s own science 
This should result in increas- 


h to teach the science processes 
are pointing out modifications 


1. Increased mental agility in т 
discipline or interacting system to others. 
ingly interrelated science disciplines. 


sion in seeing one’s own specialty as a part of the 


2. More vis 
cosmological whole. This should help illuminate values and purpose in 


life, 


3. Greater willingness to use science processes in the social arena 
and in one’s own life. This should aid in liberating mankind for the 
art of full living. Peter Odegard has pointed out that, “Rationally in- 
duced changes in human behavior are as reasonable, and as scientific, 
as rationally induced changes in the physical environment." 


"Reprinted from The Science Teacher, У. 32, No. 7, Oct., 1965, pp. 28-31. 


©, by permission. 

1Peter Odegard. 
145:1127. September 11, 1964. 
45:190. 1964. 


and Society.” Science, 


Editorial, “The Social Sciences 
he Educational Record, 


Excerpted from Т. 
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4. Increased recognition of the stimulus to learning and creativity 
which is provided by an esthetic environment. This should lead to sci- 


ence laboratories more enlivened by art, music, recreation, and the 
comforts of life. 


Such modifications will tend to merge the two main goals of science 
education—namely (1) to teach the nature of the science enterprise to 
future scientists and (2) to produce science-literate citizens who can 
cope with modem problems. How can this important merger be has- 
tened? It would seem that those of us in science education are obligated 
to direct science more nearly into the mainstream of life. Aren’t the 
warm sentiments of science as important as its cold sediment of facts 
and concepts? Cant we do more to create and sustain values and 
purpose in the lives of people? 

The place to begin is where we are. What is the nature of our raw 
material, the newborn child? How is he enabled to fit into his culture? 
The child emerges physically as a brain, sense organs, acting mechan- 
isms, and viscera. At birth he is also provided an ill-fitting garment— 
the physical universe. Two general bequests, one individual and one 
cultural, help him grow into this ill-fitting garment: (1) The individual 
bequest is already programed into each child at birth as a result of 
evolutionary processes. It consists of a set of fundamental tools for 
learning—curiosity, initiative, and experimental-mindedness, This human 
birthright need never be formally taught if the individual is liberated 
to use his learning tools under mature guidance. To the extent the tools 
are blunted, the human race is, in a real sense, subverted. (2) The 
cultural bequest consists of human values and knowledge. Most often 
they are simply imposed at the expense of the individuals birthright. 
This makes him less creative and adaptable, and therefore mankind is 
less creative and adaptable. 

It seems clear that an ideology is successful to the extent that it 
provides some means of creative self-renewal for one and all. Long- 
term success requires that revolutionary ideas be actively sought out, 
carefully tested, and then acted upon. This keeps the stream of events 
moving fast enough and broad enough to prevent log jams and sporadic, 
revolutionary breakup. The ideology which сап produce the most new 


ideas in the least amount of time and put them to the most productive 


use will be most likely to prevail. Will this not be the ideology which 


can weave Ње birth bequest of curiosity, initiative, experimental- 


mindedness, and the cultural bequest of knoy vledge and values most 
harmoniously into the whole man? 


Obviously new speculation about the role of science education is 


needed, even at the risk of oversimplification. Speculation concerning 
the influence of population mobility on education will serve as the 
underlying theme of this presentation. The problem of population 
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mobility is at least as important as the population and knowledge 
explosions with which most of us are more familiar. Comparing people 
to molecules, our population will, in a few decades, change from its 
present semifluid state to a highly interactive gaseous state. This mobility 
will not be related mainly to employment. Most will result from the 
normal pursuit of cultural variety, which is becoming the hallmark of 
this century. The problem of students moving from school to school 
during the school year calls for careful thought lest mankind become 
the victim rather than the instrument of change. 


CURRICULUM WITHOUT 
A Ser BEGINNING OR END 


In order to meet the student mobility challenge, we must pro- 
vide classrooms where the learning is organized to unfold without a 
set beginning, middle, or end. In such a classroom each learner would 
simply enter the room, begin where he is, and progress as far and as fast 
as he is able in terms of the circumstances. What can be done to enhance 
these circumstances? Based upon my own experience in the summer of 
1964 at both Alaska Methodist University and Indiana University, I 
believe that the challenge can be met in the education of teachers by 
programing the classroom environment and then freeing the individual 
to learn on his own within the boundaries of certain ground rules. This 
allows learning to be more self-initiated, self-paced, and self-corrected. 
Presumably, it would work as well with youth. 

In fact, so little is known about how individuals learn that it would 
probably be wiser for us to program the environment rather than the 
individual, even if the pressure of population mobility were not on the 
horizon. The following conditions are recommended for setting up spe- 
cific experimental trials of this approach, whether for teacher education 


or regular classroom: 

Environment. The то 
Pose, with adequate areas for storage, 1 
esthetically pleasing and comfortable. Ат 
seems to complement Jacob Bronowski’s de 
tempt to find in the complexity of nature something 
beautiful.” 

Objectives. Two general objectives, inclusive of the more typical ones, 
are made clear at the beginning: Each person is to improve in his 
ability (1) to search and (2) to help others to search. 

Time. The group should meet long enough to let life move through 
the room more as it is naturally lived. Time blocks of no less than two 
hours and preferably three are needed to get equipment organized for 
research and to gain some learning continuity and momentum, 
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om should be completely flexible and multipur- 
aboratory work, and library, and 
1 esthetic learning environment 
finition of science—“the at- 
which is simple and 


Freedoms. Since the responsibilities in this approach are formidable, 
it would be well first to clarify the freedoms—which are the essence of 


the freedoms enjoyed by research scientists. Each person is encouraged 
to: 


1. Start with what he knows. 


2. Select for study something within his environment about which he 
is curious. 

3. Change his investigation at any time. 

4. 


Select his own reading within preselected limits. 


5. Group and ungroup in terms of his own initiative and the circum- 
stances involved. 


6. Have free access to audio-visual aids (including teaching machines), 
equipment, tools, and supplies as long as they are used in a safe, 
nondisruptive way. 


7. Seek consultant help from others in the room and from outside 
experts. 


8. Arrange excursions beyond the laboratory. 


9. Serve as delegate if his group needs feedback from some outside 
activity in which he is interested. 


10. Do the kind and amount of outside work necessary. 


Responsibilities. Freedom within the science enterprise, like all free- 
dom, is sustained through the responsible action of its practitioners. 
The following responsibilities should be made very clear to the group: 


1. While it is not specified what materials and problems each 


learner investigates, it is specified that each use his environment per- 
sistently to gain the two main objectives—how to search and how to help 
others search. Like a scientist, each should be engaged in an experiment- 
centered search for predictability. Since all research is based upon 
sampling, the push is for a sampling adequate for predictability. 

2. Each learner should kee 
design, and, like a scientist, 
upon the data recorded in the 
science conclaves held by the 


P a science-style daily log of his own 
write at least one scientific paper based 
log. This is then presented in one of the 
group for this purpose. 

3. While the research is 


going on, the group is responsible for 
organizing and maintaining its w 


orking environment. 
4. Besides the res 

more of the environment 

insights with others. 


ponsibility of probing for insight into one or 
al diversities, the learner also must share new 


Besides learning science and citizenship by “sciencing” in a more life- 
like setting, the group plays its ideas against the larger cosmological 
picture. A game is made of seeing whether any insight can be raised 
which cannot be related to the growing pool of other insights offered. 
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The push is toward an economy of explanation. These sessions tend to 
provide an intellectual flexibility which permits movement from one 
construct or system to another. 

The learner furnishes the initiative in pursuing the elusive diversity 
and establishing patterns which can be applied to new situations and 
extended to larger patterns. The learned (the teacher), by his questions 
and consultative help, brings about the explanation of more phenomena 
with fewer generalizations. This recognizes that the logic of the learner 
and the learned may be quite different. No insistence is made that clear, 
precise, statements of concepts be verbalized at the inference sessions. 

In this way, the learner's birthright of curiosity, initiative, апа experi- 
mental-mindedness is less bruised and more used while his knowledge 
and value system are elevated toward the level of sophistication of the 
learned. This “unverbalized awareness” approach, according to studies 
such as the one by Hendrix,” leads to more power in later transfer of 
learning than either “tell-and-do” on the one hand or “conscious general- 
ization” on the other. 

Concepts. If the underlying goal for the group is the search for ex- 
periment-based predictability and ways to get others involved in the 
search, will concept development be neglected? In the first place, an 
overemphasis on a pre-arranged story or fixed sequence of concepts to 
be discovered may have its own dangers. Aldous Huxley pointed out 
the need “to look at the world directly and not through the half opaque 
medium of concepts, which distorts every given fact into the all too 
familiar likeness of some generic label or explanatory abstraction.” 

The problem is not whether there is a learning structure. Learning is 
the process of structuring. The problem is, who does the structuring? 
By studying relative disorder to achieve order and predictability, the 
learner builds his own sequence. This is not to say that the teacher is 
Passive. As the group gets launched with its own dynamics, the teacher, 
after the manner of Louis Agassiz, places more and more of his intellec- 
tual resources at the learners disposal at critical junctures without 


becoming directive. 


It is suggested the teacher keep in mind the advice of Alfred North 


Whitehead who said, “Let the main ideas which are introduced into a 
child’s education be few and important, and let them be thrown into 
every combination possible.” The NSTA publication Theory Into Action 
in Science Curriculum Development can serve admirably as the teacher's 
main guide to these few and important ideas. In other words, the basic 
ideas presented in Theory Into Action can serve as the target in the 
teacher's mind toward which the group is shooting in its inference 


2Gertrude Hendrix. “A New Clue to Transfer of Training.” Elementary 
School Journal, 48:197-208. December 1947. 
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sessions as they generate more and more explanations with fewer and 
fewer generalizations. 

Evaluation. Much of the dynamics in this approach is produced by 
making the means of evaluation explicit at the first session. Evaluation 
for elementary school teachers, for example, might be: 


1. Teacher observation concerning the individual’s use of his 
birthright of curiosity, initiative, and experimental-mindedness. 


2. Teacher observation concerning the effectiveness with which 
the individual used his log as a basis for feedback and direction in his 
day-to-day learning. 


3. The appropriateness of the paper drawn from his log. 


4. Ability to use in a new context the interacting skills of obser- 
vation, classification, interpretation, and experimentation. The enrollees 
may be told that four skills will be tested the last day by having objects 
at certain centers in the room—(1) to observe, (2) to classify, (3) to 
develop theories about, and (4) to make use of in experiments. For 
learners with more sophisticated backgrounds in science, the behaviors 
set forth for evaluation would be more sophisticated, 


Is such an approach compatible with population mobility? At the two 
summer institutes referred to earlier it was evident that several similar 
institutes could have been conducted simultaneously in different rooms. 
As long as some system was developed to account for the whereabouts 
of the learners and to see that too many didn’t show up at the same 
institute at once, they could just as well have been free to migrate. 
It might even have enhanced the learning, for one important skill in 
a highly mobile population will be the ability to move from one environ- 
ment to another with a maximum of continuity and minimum of trauma. 


EDUCATIONAL CONTINUITY AND THE COMPUTER 


However, if we are to move into a year-round school program 
with students moving frequently from one school to another throughout 
the nation—and even internationally—there is a need for additional 
mechanisms. For one thing, how can overcrowding of certain schools 
be prevented? Here certain hotel chains might provide a clue. Some 
have an electronically interlaced computer service. The location and 
numbers of room vacancies in the system are immediately available. 

In addition to knowing how many students are coming in a given 
day, there is a need for attendance and other students records to be 
available to the personnel of that school. This could be provided by a 
computer system. In fact, an appropriate name for this system might 
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be TAG (Teachers Automated Guide). It would be the “tag” that 
permitted continuity as students moved from school to school. Available 
to teachers could be consoles, connected electronically with one or more 
central computers and consisting of (1) a TV screen, (2) a device to 
print anything which appears on the screen when desired, and (3) a 
message input mechanism for feedback to the computer. TAG might 
be programed to respond to the following questions: 


oo toe 


Du 


8. 


THE INDIVIDUAL 


What main science experience has Johnnie had? 

What behavioral skill might Johnnie profitably learn next? 

What subject matter in terms of interacting systems (man-discovered 
and man-created) is suitable for Johnnie to probe while acquiring a 
given behavioral skill? 

How can I evaluate to see if Johnnie has learned a given behavioral 
skill—and can use it in a new context? 


His Group 


At about what behavioral level is the group as a whole? 

In what subject area is the group as a whole most interested? 

Given a content area and a behavioral level, what would be a good 
“guestimate” for a science bookshelf? Equipment and supplies? 
Audio-visual material? Field trips? Resource people? 

What is available, for example, in astronomy at various levels? 


TAG seemingly should be programed using the following criteria: 


10. 


TAG should provide an ide 


Alternatives, not directives (the teacher, not the device, should be 


the decision maker). 
Learning sequences based up 
skills. 

A wide variety of content 
given behavioral skill. 
Suggested doing activities rather than memorizing. 

Progressively greater insight into a few important ideas (such as 
those listed in Theory Into Action). 

Progressively greater insight into those processes which have led to 
these few important ideas (processes such as those listed in Theory 
Into Action by NSTA). 

Suggested laboratory activities which dr 
and qualitative relationships. 

An integration of method and content t 
activities. 

Useful data concerning individual students. 

A framework which would not need to be dr 
other disciplines were to be included. 


al access to Whitehead’s recommendations 


оп increasingly sophisticated behavioral 


areas to select as vehicles for learning a 


aw upon both quantitative 


hrough suggested laboratory 


astically reorganized if 
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that the main ideas taught should be few and important but thrown 
into every possible combination. The newer approaches in science, if 
divided into separate open-ended “scholarly bits,” could be sorted by a 
computer into the needed “every possible combination.” 


HuMaANIsM vs TECHNOLOGICAL PRESSURES 


In order to program TAG so it can yield scholarly bits concern- 
ing all of the observed universe and at different conceptual levels, the 
scholars from all disciplines will have to be brought together repeatedly 
to interact with educators. The tendency in this interplay will be the 
explanation of more phenomena and fewer generalizations. 

TAG may also have significance for emerging nations. Could a com- 
puter feed modern curriculum to consoles in smaller rural schools 
without the necessity of the large, factory-like schools now used in the 
more technologically advanced nations? We wont know until such 
experiments are tried. 

In one sense if TAG succeeded, chances would be good for generating 
the newest ideas in the least amount of time and putting them to the 
most productive use. The question then might be “Could the individual 
stand the pace and withstand the feeling of being a lost migrant in a 
knowledge and population explosion?” 

The answer to this may be that if new ideas are really put to the 
most productive use, the individual will be provided humanistic retreats 
from overdoses of impersonal efficiency. Let us now consider a 
humanistic retreat within convenient walking distance of the home and 
consisting of a multipurpose combination of public park, library, com- 
munity center, youth center, and TAG-equipped school. 

At first it may be inconsistent to push full force for a mobile, im- 
personal, efficient, technologically centered world while also pushing 
full force for community retreats conveniently near both home and the 
temporary residences of those migrating. These more leisurely retreats 
would abound in natural beauty, creative arts, reflective thought, recre- 
ation, and sociability. 

Perhaps our neuroses have been developing because we have sought 
progress by pushing for the impersonal world to the exclusion of 
the personal world. Would not even the world of technology gain 
if a state of homeostasis between personal and impersonal worlds 
could be established and maintained in which peop: 
well as wealthier? 


In order to gain homeostasis, the multipurpose community center 
would apparently need to be convenient to homes and temporary 
residences and to be of manageable size. It might be limited to about 


le were happier as 
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200 youths, ages five to fifteen, plus the people who live in the area 
from which these youth are drawn. The public school function of the 
center would consist of perhaps ten years of compulsory schooling. As 
recommended by Margaret Mead, these years would be termed primary 
education, and the other years would be termed secondary education. 

The best way to continue one’s secondary education would be to 
help with the primary education. Here, retired people could help the 
professional educators. The same would apply to employed people, for 
as the actual work week is further reduced it would seem advisable 
that employees continue to be paid on a 40-hour basis, but be expected 
to use extra time in serving the community center—as consultants, con- 
ductors of field trips, arrangers of exploratory on-the-job internships 
and keeping up to date themselves. 

The center would have workshop areas; natural areas with water, 
trees, and other plants; places to raise smaller animals; and areas for 
recreational exercise. These facilities would be available to people at 
all times whether engaged in primary or secondary education. Those 
engaged in primary education would have frontier-like chores in main- 
taining the area. They would also be given opportunities to help care 
for the young of parents using the center. Since older people would be 
used in the center as consultants and aides, youth would have the 
privilege of gaining insight into people of all ages. 

The environment of the center would be programed so the learner 
would simply intern in all the basic problems of the age and learn the 
techniques of constructive improvement. Reverence for all life would 
be the underlying theme. The creative arts and the sciences would serve 
a complementary function, for both the act of scientific creativity and 
the act of artistic creativity offer glimpses of order as stepping stones 
to new creative acts. Both are valid to the extent they can evoke a 
predictable feeling from all kinds of people in all ages. | 

It seems to be true that the fearful seek the predictable to avoid 
uncertainty, whereas the curious seek it as a springboard to new pre- 
dictive constructs. Seeking the predictable is another way of seeking 
that in which one can place his faith. Perhaps the 20th Century will be 
most of all marked by the early loss of its faith in absolutes while 
finally gaining an equally satisfying and committed goal in Jife—the 
Peaceful and unending search with no holds barred for predictability 
and faith. It is our responsibility as science educators, perhaps more 
than any other group, to see that the 20th Century does end on an 


Optimistic note. 
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Is Science Getting 
Out of Hand? 


Barry Commoner 


We are living through a period of momentous change. The 
power of science is increasing with unprecedented speed, bringing 
with it great opportunities and critical problems. But the process has 
just begun, and before it sweeps us further into the new age, it is 


prudent to take stock, to consider where we are going and what may 
happen en route. 


This question must trouble 
ferment of modem science wi 
The amount of material that 
alarming speed. With b 
physics, chemistry, 


everyone who struggles to contain the 
thin the neat confines of the classroom. 
students need to learn is growing with 
arely room enough in the curriculum for a little 
and biology, what can be done to accommodate the 
exciting new hyphenated sciences that speak of lasers and masers, DNA 
and RNA, radiation belts and space capsules? Or consider the plight 
of the chemistry teacher. After laboring to get across the basic idea 
that the bond between atoms is due to an unfilled electron shell, he is 
confronted with the announcement of a compound of a rare gas— 
xenon—the electron shells of which are lamentably filled with electrons. 
And then there is the problem of bringing modern science into the school 
laboratory. How shall we devise an experiment to demonstrate to the 
first grade the basic properties of the neutrino—using milk bottles, lolly- 
pop sticks, and the appropriate article from the Scientific American? 
What about the social and moral consequences of modern science? 
Will parents be upset if the fifth-grade students discuss not merely the 
production of test-tube babies, but the laboratory creation of life itself? 

Yet, why complain? Aren’t all these difficulties simply growing pains 
—the natural results of the recent recognition that science is important 
to education and to the nation? Should we not welcome the wave of 


°Reprinted from The Science Teacher, У. 


30, No. 6, Oct., 1963, pp. 11-16. 
©, by permission. 
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excitement that now stirs the dry dust of the traditional science curricu- 
lum? Why dilute the gladness that Sputnik has brought in its bountiful 
wake: generous support of scientific research, grants for school laboratory 
equipment, summer fellowships and institutes, better salaries, a little of 
the long-missed appreciation of the meaning of science and of the 
value of those who teach it? 

It is my purpose to suggest that we ought to pause, for a moment, 
in this headlong rush and give some thought to its effect on science, on 
science teaching and education, and on their service to the nation. So 
much has changed so fast in the brief time since the Russians launched 
both their own Sputnik and the rejuvenation of American science, that 
even a minor strain may be an important symptom of a basic fault in 
the scientific enterprise. Given the present rate of expansion and the 
enormous powers that lie at the hand of modern science, a small flaw 
—if unperceived—might soon produce a catastrophic failure. There is 
some merit in applying the traditional skepticism of science to the recent 
growth of science itself. 

A few weeks ago there appeared in Science a remarkable paper “Are 
We Retrogressing in Science?” by a distinguished geologist, Dr. M. 
King Hubbert.t Dr. Hubbert makes several assertions regarding serious 
faults in the present state of science in this country. I should like to add 
to his observations some of my own, and prepare a brief catalog of a 
few of the major difficulties that now beset the development and use 
of science. This will show, I believe, that we are not merely suffering 
the natural pains of rapid growth but that certain weaknesses at the 
very heart of the scientific enterprise may threaten the future of science 
and its usefulness to the nation and to the world. 

Here, briefly, are some of our more obvious troubles: 


Tue SCIENTIFIC INFORMATION Crisis 


henomenal increase in the size and 
e. There now appear to be some 
‚ and the number is doubling 


Dr. Hubbert points to the p 
scientific literatur 


complexity of the 
als in the world 


100,000 scientific journ 
about every 15 years. | А 
Science is intended to discover and comprehend new е 
about nature. This means, of course, that in choosing a problem and in 
cientist must consider what 


i i it, the s 
interpreting what he learns about it, th г ай ' 
is already known. The literature of science 1s the repository of this 


knowledge. 
To functio 


n successfully, such a repository must be capable of storing 


18$сіепсе, 139: рр. 884—890. March 8, 1963. 
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the new information and of delivering it to the inquiring scientist. The 
first of these functions is probably being met with moderate success. 
But the recovery of information from the literature is rapidly approach- 
ing a stage of crisis. 

Twenty-five years ago the practicing scientist could keep up with the 
literature by spending part of every week in the library reading room 
glancing at a few dozen journals, noting the existence of perhaps twice 
that number of articles and reading a few thoroughly. By 15 years ago, 
the number of relevant articles had become so large that scientists began 
to rely increasingly on abstracts. And nowadays even the abstracts have 
become too numerous to read. One of the most revealing developments 
in the literature of science has been the publication of a new type of 
periodical which simply lists new articles appearing in several hundred 
scientific journals by title—about 2,000 of them weekly. 

This enormous proliferation of scientific papers is usually accepted 
as a proper consequence of the growth of scientific research, The solu- 
tion often proposed is that we attempt to tame the monster by creating 
a new one—computer-operated “information retrieval.” This would, of 
course, accomplish the final ascendency of the title of the scientific paper 
over its content, for the only practical way to index papers in a com- 
puter memory is by the information contained in the title. 

But a title, or even an abstract, cannot reveal the essential subtlety 
of a scientific observation: the limits imposed by techniques, the un- 
certainties and possible errors of interpretation, its relation to other 
facts and to ideas. Unless we can find a more fundamental solution to 


this problem, the basic precept that new scientific knowledge should 
incorporate and extend the old will collapse. 


Тнк DECLINE ОЕ THEORY 


Here I should like to cite an example from a field with which 


І am particularly acquainted—biology. Perhaps the oldest—and most 
profound—theoretical problem in biology is what might be called the 
nature of the living state. By this I mean the effort to explain the curious 
paradox that a living organism, despite its unique capabilities for 
growth, self-duplication, and inheritance, is nevertheless a mixture of 
substances which are separately no more possessed of life than the 
more prosaic molecules that never occur in living cells. This question has 
been at the root of a long train of experiments, debates, and speculations 
that begins in classical times and continues unbroken through the de- 
velopment of modern biology and its attendant sciences, 

The basic issues are simply stated. If the component parts of a cell 
are not alive, whence come the life-properties exhibited by the whole? 
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Apart from the untenable notion of a mystic nonmaterial “vital force,” 
the debate has elicited two main positions: (a) There is, in fact, some 
special cellular component which possesses the fundamental attribute of 
self-duplication and which is, therefore, a “living molecule.” (b) The 
properties of life are inherently connected with its complexity and 
arise from interactions among the constituents which are not exhibited 
unless the separate parts are brought together in the complex whole; 
thus, only the entire living cell is capable of self-duplication. 

Both sides of the argument have had many notable proponents. In 
the nineteenth century, Verworn believed that the properties of life 
were embodied in a special type of molecule—as yet undiscovered, but 
nevertheless discoverable—the biogen; but Claude Bernard favored the 
emergence of life properties from the interactions of molecular com- 
ponents. More recently some of our most able physical scientists have 
argued both sides of the question. Schrodinger saw the properties of the 
cell contained in the aperiodic crystal structure of the chromosome. On 
the other hand, Niels Bohr has contended that the principle of comple- 
mentarity—which in his view applies to all material systems—would deny 
even the possibility of discovering the attributes of life in any substance 
which can be studied only when it has been removed from a dismem- 
bered—and therefore dead—cell. | 

Now, the debate appears to be over. There is, we are told, a consti- 
tuent which is indeed “а living molecule’—DNA—which has within 
itself the basic property of life, self-duplication, and which guides the 
behavior of all the other components of the cell. | И 

Has this apparent victory actually resolved the old question; is it 
really the end of the great theoretical debate? I do not believe so. The 
apparent victory of DNA is not the result of a successful resolution of 
the long-debated alternatives. Instead the decision has been reached by 
a less arduous expedient—the basic theoretical question is largely ignored. 

For example, if DNA is indeed a code which embodies all the features 
of the organism, then the adult must be fully specified by the DNA in 
the fertilized egg. But this idea conflicts profoundly with the evidence 
of embryology, which shows that development includes emergent 
nomena, new features appearing from a previous, less specific stage. In 
the excitement over the “living molecule,” this contradiction has hardly 
been mentioned. Nor has the basic theoretical question really been 
answered by the new biochemical experiments, which do not, in fact, 
support the idea that DNA is а self-duplicating molecule. Recent evi- 
dence on enzymatic synthesis of DNA shows that far from being = 
duplicating in this system, part of the DNA specificity is derived from 


the necessar 

y enzyme. p В 3 
What is at issue here is not the validity of the magnificent чүп 
mental results which describe the structure and properties of DNA, but 
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the sweeping generalizations which they have engendered. These gen- 
eralizations are unsound, I believe, not because they are founded on 
faulty data, but because they do not take into account all of the relevant 
data. 

One of Dr. Hubbert’s most serious criticisms of modern science is that 
it is afflicted with authoritarianism. Because of the fragmentation of 
knowledge and the absence of sound theory, he states, “. . . the only 
way of knowing anything outside of one’s own specialty is to accept 
the word of an authority or specialist in the field.” Dr. Hubbert supports 
this charge with examples from the physical sciences. I am afraid that 
authoritarianism may be equally evident in the biological sciences and 
in the DNA situation in particular. 

Certainly there is good experimental evidence to support the notion 
that DNA does influence the hereditary characteristics of living cells 
in which it occurs. But the question which relates to the basic theoretical 
issue is whether DNA represents a self-contained code that by itself 
determines whether the organism is a turtle or a tiger. 

Such a conclusion is not based on experimental fact, but on dogma. If 
you are shocked by my use of this word, let me hasten to add that it is 
not my own. The term “central dogma” is often used in current literature 
to describe the principles which are supposed to explain the governing 
role of DNA in inheritance. It was introduced into the scientific litera- 
ture—probably for the first time since the Middle Ages—by proponents 
of the DNA code theory. You will find in the index to a report of a 
recent symposium? on molecular genetics the entry “Dogma, The” fol- 
lowed by 11 page references, On page 107 one of the participants makes 
the following remarkable statement: “The reason we call this ‘dogma’ is 
that it depends on personal bias, not logic.” Shades of Galileo! 

And consider the implications for education. Every freshman entering 
the main door of the biology building at Washington University is con- 
fronted by an exhibit case which contains, among an assortment of 
skeletons, a model of the famous DNA double helix, marvelously con- 
trived of bits of colored paper. Every day as I pass this exhibit, І am 
struck by the same disquieting thought: Would any student detect a 
mistake among these exhibits? I have thus far restrained myself from 
conducting the required experiment, but I think that I can predict the 
result. If the skulls of the rabbit and the cat were interchanged, sooner 
or later some bright-eyed student would notice the discrepancy from 
what he had observed in the laboratory. But even if the DNA model 
were falsified sufficiently to convert the code into gibberish, it would 
go unnoticed. The data for the structure of DNA, unlike the data for 
the structure of the cat, are not experienced directly by a freshman. 
The paper modei represents а conclusion, and even the best student in 


2Genetics— 
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the class cannot criticize a conclusion if—due to the natural limits of 
his level of advancement in science—he can have no actual knowledge 
of the experiments on which it is based. The student need not accept the 
skeleton of the cat on anyone’s authority but his own. But with respect 
to the DNA code, he must, at his stage of knowledge, accept the word 
of the “authorities.” And what is true of the freshman may sometimes 


be true of his teacher! 
I do not wish to press my own view that DNA is not “the secret of 


life.” What troubles me here is the tendency to avoid a critical exami- 
nation of the relation between experimental fact and the resultant 
generalizations and to evade a serious confrontation between the new 
chemical observations and the equally real complexity and subtlety of 
the living cell. I am troubled, too, by the tendency to favor simplicity 
over truth, to forego the intellectual rigors of the scientific process for 
illusory short cuts which our predecessors in science would have re- 
garded with astonishment or amusement. 

I agree with Dr. Hubbert who states, “. . . the acceptance of any 
conclusion, valid or otherwise, by an individual who is not familiar 
with the observational data on which it is based and the logic by which 
it is derived is a negation of science and a return to authoritarianism.” 
And I must agree, if sadly, with his conclusion that “such a reversion, 
and the careless retreat from fundamentals that are its corollary, make 
up the pattern that one sees increasingly manifested today.” 


FAILURES IN THE APPLICATION oF SCIENCE 


The final test of scientific knowledge is its ability to predict the 
results of intervention by humans into natural processes. That modern 
science has suffered spectacular failures in predicting the outcome of 
new technological developments is only too apparent today. Fifteen or 
twenty years ago, when synthetic detergents were developed, no one 
seemed to be aware that inevitably—as is now happening—they would 
become the target of legislative prohibition. The new detergents were 
Superior washing agents, easy Оп the skin, economical, and readily 
marketed—but they were not degraded in the sewage system. Thus, 
long after the detergents had become a common household item and 
had largely replaced soap, they were discovered to be an intolerable 
nuisance in the water supply. There is no way to gloss over this episode. 
It represents a failure on the part of modern chemical engineering— 
here and throughout the world—to predict successfully a vital conse- 
quence of a massive intervention into nature. 

There are other examples. The really troublesome aspect of the 
insecticide problem is not the relative benefits and risks of massive 
dissemination of these new chemicals. More important 1s the fact— 
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which is not denied by even those who support present practices— 
that many of the harmful ecological effects of these insecticides were 
discovered only after they were already in use. 

Or consider the effects of radioactive isotopes from the fallout dis- 
seminated by nuclear explosions. None of the governments that have 
been exploding these weapons can possibly claim to have been ade- 
quately informed about the biological consequences at the time when it 
decided to proceed with this action. What may turn out to be the most 
harmful result, the tendency of 51% to accumulate in the chromosomes 
and thereby induce genetic defects, was reported for the first time in 
January 1963.3 

We are making massive use of powers which we do not fully under- 
stand. The reasons are varied and some of them relate to nonscientific 
matters such as the pressure for economic or political advantage. Nev- 
ertheless, we cannot evade the fact that a primary purpose of science 
—the guidance of man’s interactions with the forces of nature—has, in 
these grave instances, failed. 


NONSCIENTIFIC DETERMINATION OF THE 
COURSE ОЕ SCIENTIFIC RESEARCH 


The freedom to choose his own problem is often the scientist’s 
most precious possession. Of course, there is much good science that 
derives from the solution of a given problem, and there are many 
excellent investigators who advance science through such work. Never- 
theless, the vitality of the total scientific enterprise is strongly depen- 
dent on the free inquiry into nature that we call basic science. At the 
cutting edge of science, on the frontiers of knowledge, nature confronts 
the scientist with a tangled obscurity, which only the most intense and 
dedicated effort can hope, occasionally, to penetrate. This kind of effort 
comes of devotion born of free choice. It can be guided only by science 
itself, which in the clarity of its knowledge reveals as well the regions 
of ignorance, There is, then, good reason to want, in basic science, a 
pattern of development which comes from within and to resist the 
determination of its course by external demands, 

Until recently this principle has—with relatively minor exceptions— 
been fully honored by the system of support of scientific research in 
this country. Perhaps the oldest active government agency for the 
support of science, the Office of Naval Research, has been notable for 
its adherence to this principle. This principle is the basic guide to the 
policies of the National Science Foundation, the National Institutes of 


3Lüning et al. Nature, 197: 304. January 19, 1963. 
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Health, and others. Project-oriented research support has, until recently 
been confined to specific areas and has not dominated the overall course 
of science. 

However, this situation is being rapidly changed. In 1962 about one- 
third of the total federal obligation for basic research—and federal funds 
are now the major source of support for basic science—came from a 
single agency, the National Aeronautics and Space Administration. In 
a total federal budget of about $900 million for basic research, NASA 
was obligated to provide $350 million, while the National Science 
Foundation provided under $90 million. Unlike NSF, NASA is a mission- 
oriented agency, for the enabling legislation requires that it devote its 
full effort to the conquest of space. Moreover, for the next decade, the 
mission of NASA is even further narrowed, being centered on a single 
predominant project—Apollo—which is intended to take a man to the 
moon and back by 1970. 

That this single mission is already determining the course of scientific 
ent from the extensive summary of 
y the National Academy of Scien- 
“If the Apollo time schedule is 
pport engineering decisions 
he acquisition of other data 


investigation of space is quite evid 
space research recently published b 
ces.! The findings of this study state: 
to be met, data acquisition necessary to su 
for this mission must take precedence over t 


of possibly greater basic scientific interest.” 
Unlike other mission-oriented agencies, NASA has needs which de- 


mand an appreciable fraction of our total scientific resources and which 
cut broadly across the entire range of scientific fields. To accomplish 
its mission, it must support investigations in all fields of science, includ- 
ing social problems regarding the impact of the space program on the 
nation, It has become the major source of graduate fellowships in sci- 
ence. Clearly, as it is presently projected, the NASA program will en- 
compass a substantial portion of the nation’s scientific effort. Since 
NASA-supported work is necessarily oriented toward the general area 
of space investigation and is for a decade dominated by a single mis- 
sion, placing a man on the moon, the program is bound to have a con- 
siderable directive effect on the overall course of scientific investigation 


in the United States. | 
program, and, therefore, its 


What is at issue here is that the space 
f science, has not been created by 
ions in space involve many 


ions. But this can be said 
aintain a system 
ach field within 
oundation was 


determinative effects on the course О 
the demands of science. Of course, investigat: 
exciting and important basic scientific quest 
of many other fields of science. The problem is to m 
of support which reflects the relative significance of e 
the total structure of science. The National Science F 

National Academy of Sciences—National Re- 


4A Review of Space Research. 
search Council, Pub. No. 1079, Washington, D. C. 1962. 
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established for this purpose and in its organization is carefully designed 
to ensure a close coupling between the pattern of support and the struc- 
ture of science itself. NASA has now developed a program of support 
in basic science which equals the NSF in size, but which no longer 
follows the principle, so laboriously established during the legislative 
debate on the National Science Foundation bill, that a national program 
of support for science should be science-oriented rather than mission- 
oriented. This major change in the nation’s scientific enterprise has taken 
place, so far as I know, without any comprehensive discussion, within the 
scientific community or elsewhere, of its necessity or its consequences. 

With respect to the single mission which now dominates the space 
program—Apollo—the origin of the decision is fairly clear. That the 
decision to land a man on the moon by 1970 was not dictated by scien- 
tific need is clearly stated in the review already mentioned. “The Apollo 
program was acknowledged as an integral part of the NASA effort, 
based on the President's decision that this undertaking be established 
as a national goal.” The report also states, with respect to the Apollo 
project: “International competition and resulting political commitments 
have forced upon this complex mission a somewhat unrealistic timetable. 
Mission failure would cost lives, international prestige, and tremendous 
dollar investments.” 

These observations lead me to suggest that the space program as 
presently constituted will tend significantly to determine the course of 


basic research through considerations which originate outside the pur- 
suit of science. 


Some REASONS FOR THE DIFFICULTIES 


There is, then, some evidence to support the view that science 
may be getting out of hand: the crisis in scientific literature, serious 
failures in the proper application of science, a tendency toward authori- 
tarianism and a neglect of theory, the direction of the course of science 
by restrictive external demands. | 

There are good reasons why these difficulties should be of direct 
concern not only to practicing scientists but to science teachers as well. 
One is that science teaching has a natural dependence on the fate of 
science itself. But, more than that, I should like to suggest that the 
pena ng a of these difficulties, and a search for effective solutions, 
ная оп principles which аге common both to science and 

Some of the difficulties that I have mentioned result from the failure 
to understand that science is a system in which new юган апа 
new ideas closely interact. Dr. Hubbert has, I йау бойгойў diag- 
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nosed the reason for the information crisis. He points out that many 
modern scientists respond to the difficulty of keeping up with the vast 
literature relevant to any given science by restricting the scope of their 
interests. But having thus deliberately limited his field of competence, 
the scientist quite naturally tends to lose an interest and capability in 
relating his own segment of knowledge to its allied fields. And this is 
the real source of the trouble, for, as Dr. Hubbert points out, the prog- 
ress of science comes from those overviews which sum up in a few 
relationships a whole realm of previously uncoordinated observations. 
It is such theory which reduces separate observations to orderly posi- 
tions as special cases of general principles and frees science from the 
tyranny of numbers. 
I do not believe that the present glut in the literature of science can 
be cured by mechanical or even electronic means. It is a failure of the 
entire system of science; it results from a tendency to ignore interrela- 
tionships, to evade the confrontation of one set of data with another. 
Atrophy of the integrative process in science also leads to neglect of 


scientific theory. I believe that much of the present confusion about 


the significance of the new observations on molecular aspects of inheri- 


tance is due to excessive isolation of scientific fields and the resultant 
dependence on authority. If biologists are not prepared to review the 
actual data and logical foundations of the DNA code, they cannot 
properly relate this idea to the cell theory or to the principles of develop- 
ment. In the absence of such a confrontation, the biologist must either 


ignore the new work or accept its conclusions uncritically. In either 
case the conclusions derived from molecular observations remain im- 
mune to the corrective effects of biology, and their proper assimilation 


into the stream of science is delayed. к 
The same tendency toward fragmentation of knowledge is also the 


cause of failures in applied science. The biological defect е 
detergents might have been foreseen if their development had involved 
not only chemists and engineers, but also biologists and meee | 
Present synthetic detergents resist bacterial attack in sewage isposa 
plants because the molecules are branched. And the general tendency 


of biological enzymes to halt at a molecular branch has been well 
since the early biochemical work on starch degradation. This has Er 
1 for 30 years. Similarly, that Sr°° might 


described in detail in textbooks 
become concentrated in the chromosome and so constitute a пега 
danger to genctic stability should have been evident to ie кє? з 
with cytological work on the role of calcium m the chromosome, 
was first published 10 years аво. 
Nature, unlike modern science, 
is not only a matter of physics anc еп 
Ment in ecology as well. If we permi 


is not fragmented. A nuclear explosion 
1 engineering, but a gigantic ехрегі- 
t our understanding of nature— 
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science—to split into isolated specialties, we risk the fate of the sorcerer’s 
apprentice—who was so specialized that he knew only one of the two 
incantations necessary for a successful experiment with magic. 


SCIENCE AND EDUCATION 


We can hope to avoid these troubles only if we understand that 
science is a system in which new observations must reflect old ones, 
in which data must be built into theory, in which the narrow authority 
of the specialist must bow before the complexity of nature. And such 
an understanding can only be achieved through education—not only 
of students who are to become our practicing scientists, but also of the 
citizen, who, if he is to help guide its powerful uses, must understand 
the true nature of science. 

Our apparent willingness to permit science to become dominated by 
external demands for particular results reflects another serious misap- 
prehension about the nature of science and its relation to education. 
Both are, of course, important implements of social progress. But unlike 
a mechanical tool, which must itself resist change as it works, science 
and education are certain to be shaped by the uses to which they are 
put. If scientific work is ruled by a narrow purpose, the broad internal 
interactions which, as I have tried to show, are so essential to the 
growth of science, are bound to suffer. 

Nor can we safely permit the w 
from the rest of learning, 
all fields of knowledge on 
pends for its own strength. 


I believe that science and education are becoming constricted by 
certain present policies of support. Science is a subsidiary part of 
education, and one would suppose that any effort to strengthen science 
should be predicated on adequate support for the entire educational 
base. But we seem to have turned this relationship upside down. While 
exhibiting a considerable reluctance to provide the total support needed 
to sustain our schools and universities, the nation is eager to expand 
that part of the educational system which deals with science. Even 
federal support of education becomes acceptable if it is earmarked 
for science. Most of our universities have become so dependent on these 
outside funds that if such funds were withdrawn their total competence 
as educational institutions would sharply decline. I believe that we have 


balanced the fate of our system of higher education on too narrow а 
fulcrum—science. 


The same sort of process appe: 
research is, after all, only a part 


hole of science to become isolated 
for there are important interactions between 
which each of the separate disciplines de- 


ars to be going on within science. Space 
of science, Yet, if present plans persist, 
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we may soon be supporting a major part of basic research in the United 
States through activities undertaken in the name of space. If this hap- 
pens, the broad structure of our scientific establishment will be sus- 
tained through a constricted purpose, investigation of space. Moreover, 
at least for the next decade, the space program itself seems to be 
balanced, and—in view of the palpable risk of failure—somewhat pre- 
cariously, on a single project to land a man on the moon. 

We are engaged in a spectacular balancing act: Education is supported 
by science, science by space, and space by the man on the moon. 

Will it work? What is the harm, if Congress is willing, in supporting 
space research because of the political importance of getting onto the 
moon, of supporting science in the name of space, and of sustaining 
higher education through the expedient of grants for science? 

One danger is obvious. If an appreciable part of the total structure of 
science is justified by the effort to invade the moon, the whole scientific 
enterprise may be seriously dislocated if this particular project should 
be abandoned. And since the adoption of the project was, after all, 
predicated on its apparent political significance, we cannot be certain 


that it will survive the natural fluctuations of the tides of politics. 
But I have already indicated a more serious fault in this situation. 


If the free choice of problem which is so essential to the pursuit of basic 
science is curtailed by draining support and personnel into any narrow 
channel, the march of science will surely falter. And it is a truism that 
in the not-so-long run all the consequences of science, including its 
most practical fruits, depend on the healthy development of basic 
research. : 
Can society be properly served by a system of higher education which 
is increasingly sustained through the artificial expedient of support for 
science? I believe not. Education has an essential unity, and failure to 
support adequately the study of history and literature—which clarify 
society’s goals and illuminate the human condition—thereby injures 


the whole. | 

ОЁ course, the penalty will not be paid at once; research in the 
problems that happen to interest society at the moment will go forward 
for a time. But gradually the scientist's vision will narrow to the limits 
of his immediate problem; and when that vanishes (because it is 
solved), he will discover that seeing nothing, he is blind. Real она. 
ship is all of a piece. Physics will only flourish within the sound о 
Poetry. 


I believe that the policy of supporting ed К 
and science through space, is dangerously unsound. We should recognize 


this policy for what it is~a short-sighted, pinch-penny effort to buy a 
few selected fruits of the tree of knowledge, without accepting the 
honest responsibility of nourishing the whole living, growing organism. 


ucation through science, 
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The nation is ready to pay for knowledge of science, engineering, and 
medicine, but it must recognize that this knowledge cannot be truly 
achieved in the absence of equally strong support for the humanities 
and the arts—for all the forms that truth can take. 

I believe that every scientist, every scholar, and every teacher must 


proclaim and work for the unity of knowledge. This is our duty to the 
nation and to the welfare of man. 
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Individuality and Common Purpose: 
The Philosophy of Science* 


Robert Sonné Cohen 


Philosophy is a persistent attempt to grapple with foundations. 
When foundations are shaken, philosophy is practical and urgent. When 
the times are revolutionary, then the effects upon philosophy are revo- 
lutionary, too. And when the foundations of scientific knowledge undergo 
revolutionary transformations, then the philosophy of science receives 
extraordinary challenge. If the challenge is met rather than missed, the 
reciprocal effect upon scientific thought can be productive and liberat- 
ing. The effect upon scientific education can be similar. But the way 
to liberation from old mental habits is through thickets of problems, 


tough and thorny. 


Little need be said about the occurrence 
tionary change. When seen against the world background of other and 


ancient societies, Western European civilization has never been stabi- 
lized; and seen against our own European and American history, twen- 
tieth century civilization has appeared to be rapidly and perilously 
changing. All is involved. Economic and social life have rapidly become 
50 industrialized that only the most perceptive nineteenth century 
observers could recognize us. Political dominations and psychological 
manipulations have been accompanied by gross changes in religious 
life, in morality, and in all manner of the arts. And with an internal 
sweeping energy, the barely stabilized mechanism of the Galilean and 
Newtonian scientific outlook upon Nature has, almost within a genera- 
tion, been replaced, absorbed, transformed. As а result, philosophy has 
become polarized into two modern traditions: first, devotion to con- 
temporary science generated a desire for precision, analysis, and spe- 
cialization within the profession of philosophy itself; and second, distaste 
for a technologically transmuted world brought a spectrum of counter- 


of these layers of revolu- 


*Reprinted from The Science Teacher, V. 31, No. 4, May, 1964, pp. 27-33. 
©, by permission. 
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scientific attitudes. This modern anti-science has defeatist and escapist 
aspects, but, at the same time, it reestablishes a human concern, a 
viewpoint from which to observe what science has done as well as to 
observe what society has become. In their reestablishment of a classical 
task, the anti-scientific philosophers are our judges and critics. As we 
shall see, to say this is high praise. For philosophy is criticism. 


PHILOSOPHICAL ANALYSIS 


But why philosophy at all? Why not simply the self-critical pro- 
cedures of science, the honored techniques of logical consistency, de- 
tailed elaboration, careful observation, and ingenious experimentation? 
Because philosophy, as the theory of foundations of science, can offer 
several benefits. 

It is, first of all, analytic. It can make clear what we scientists know, 
how we know, to what extent we are certain and to what degree un- 
certain, and how far our own stipulations and definitions, our models 
and metaphors, have determined and distorted our view of reality. How 
are concepts related to the theories in which they are embedded? Even 
to working scientists and science teachers, a few questions will indicate 


some areas of achievements of recent philosophical analysis of the 
sciences, 


1, What is an explanation? Are the 1 
descriptions which correlate past and futur 
conceptual umbrellas which cover observ: 
phenomena? Are they causal? 


aws of natural phenomena 
е observations, or perhaps 
ationally distinct types of 


2. Indeed, what is a causal explanation? Is cause a metaphor 
derived from the daily life of actions and effects? And if the causal 
metaphor is correct, where is the metaphorical active agent, and the 
causal connection? Where, in the difficult indeterminacy of microphysics 
as we know it—or, for that matter, where in the sophisticated realms of 
statistical and probabilistic analysis—do we locate causal understanding? 


3. At least we might say that causes come first and effects 


second, and hence that the causal order of Nature is inseparably the 
order of time and sufficient to explain the nature of time, Or is it true 
that reversals of time may occur, as some scientists now believe, re- 
versals for which the physical effects may occur at a moment prior to 
their sources? Then, in partial retreat, we may interpret the temporal 
order as itself a statistical effect, just as the law of entropy was inter- 


preted in statistical mechanics, But how shall we understand our deeply 
intuitive feeling for the distinction between past and future? 
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ste о у 
tion of the logic of science h i op ee о. 
гант gic of s ace has received more attention, and no question 
het a scientists in every field and at every stage of their study. 
н ie | many of us, as the disturbing introduction to the need for 
орыш а їй and for philosophical reflection, since with a few 
rath ie арен before him, the elementary student can see how 
мү ап а stretched to cover uncomfortable facts. And he can 
Бегей ттезо! vability of alternatives, the half-truth of true predictions 

ed on partial perspectives, and then he will wonder just how to relate 


evidence with theory. 


g ы of evidence means, for most of us, understand- 
РЫ at is an experiment. The design of experiments is perhaps not a 
ilosophical task but the demand for clarity provokes philosophical 
— Can we understand the twin characteristics of every experiment 

curacy апа vagueness—and сап we pinpoint simple phenomenal 
properties in the world which is so grossly complicated? From kinder- 
ав to graduate research, we can be creatively disturbed by the need 

have a precise comprehension of vagueness and a complex under- 
standing of simplicity. 
or in theory, we work with ideally 
ver seek the whole, except when 
d with the whole of the world. 
der experience and a broader 
are doing it. Even the cos- 


| 6. Whether in experiment 
isolated factors and parts. We ne 
mystically or metaphysically entrance 
We seek to understand a bit of a broa 


situation, and we assuredly know that we 
mologists, dealing with the entire universe, isolate their subject matter, 


since they consider only a few, allegedly basic, properties. They neglect, 
ignore, the remainder. And they should, for every science, thus far, has 
Progressed by isolating. The simplest experiment, performed free of the 
wind, or at constant temperature, ог repeated only at steady barometric 
Pressure, is no different in this regard from the subtlest attempts in 


Neurophysiology or in nuclear che: ге must ask, is the universe 


| mistry. 50 W 
the simple additive sum of the isolates? Is it to be understood as a 
superposition of externall ffects, and entities? 


Soi y described forces, and e 
cience has succeeded, so the yet we know that 


9 answer is yes. And 
isolation of an occurrence for experiment can at the same time destroy 
the larger object of study. 

We isolate, narrow down, an 
the outcome; and that the next Бе 
include another cautiously apprehen 
tion is plausible enough but it is puzz 
Prejudices the formation of concepts а 
of experiments. How shall we best express 


the context will not affect 
will expand the isolate to 
environment. Isola- 
ling and a little distressing, for it 
s much as it enables the conduct 
the old truth of biology, 


d hope that 
neration 
ded part of its 
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that function depends on position within the whole, that the individuals 
in our world “do not blindly run, but run in accordance with the whole 
of which they form a part”? These are open questions, raised by philoso- 
phies of process and organism, by nonlinear speculations in physics and 
field speculations in social psychology by the polarities in the views of 
Whitehead and Teilhard and the ancient Nature-mystics and the modern 
dialectical philosophers, and they are implicit in the high school chem- 
istry laboratory. 


7. The experimenter long ago provoked another question. How 
has he distorted the object of his search? How has the measuring instru- 
ment disturbed the measured entity? Do we know only what we observe, 
and do we observe an object only in its relatedness to our observing 
selves? Is there no object other than the observer? Not only does this 
raise subjective idealist questions about the scientific world, but also the 
ancient sceptical and relativist assertions that man alone is the measure 
of all things, and a prejudiced measure at that. It has provoked the op- 
erationalist view of the meaning of words. And for some time we have 
wrestled with the significance of the fundamentals of physical knowledge, 
for at the ultramicroscopic level we find quantum physical equations 
whose interpretation demands the inclusion of the observing entity as 
well as of the phenomenon observed. The ancient philosophical riddle 
of man in Nature, of the relation of subject to object, has been reborn 
in the apparently impersonal relation of quanta and reality. 


We see here a few open questions of contemporary philosophy of 


science. Each has its bearing upon scientific research, and also upon 
science teaching. And they could be supplemented by a dozen others. 
Is the world everywhere knowable in principie (though never com- 
pletely in practice)? Are statistical explanations merely temporary? Are 
all entities ultimately explicable in terms of physics proper. and indeed 
what would this reductive explanation signify for the living and psycho- 
logical and social properties of those physical entities which have them? 


Must our theories, taken as a general description of the world, be con- 
sistent? 


SYNTHETIC CHARACTER 


But enough has been said to sketch some puzzling aspects of 
the philosophical analysis of science. There is another story, for philos- 
ophy is not only analytic; it has a synthetic character as well, Despite 
our interdisciplinary border fields—biophysical chemistry astrobotany, 
neuropsychiatry, historical sociology, chemical бепеНс лме аге still 
divorced from one another in the sciences, ever greedily, or perhaps 
wistfully, looking at a summary review paper from a neighbor's field, 


326 


hoping to sniff his gfeener grass. But always these interdisciplinary 
fields produce the newest specialists, not the unifiers but the dividers. 
Only a philosophical temperament provides unity to the sciences, and 
then only by a way of thinking, not by aspiring to omniscience. This 
way of thinking asks, what is relevant? And how is relevance deter- 
mined? What methods are common to all inquiry, asks the philosopher, 
but also he asks with equal care, which methods of thought and research 
are specific to each branch of science? The prime attention of scientific 
philosophers seems to be upon the unity of the sciences and their com- 
parative methodology. 

But synthesis also means linking science with any human concern, If 
philosophical analysis and unity of the sciences can provide deeper 
clarifications than individual scientists have of the structural nature of 
science, then philosophical synthesis will try to be deeper clarification 
of the human nature of science. To work at such a task is increasingly 
urgent. It is a response to a paralyzing fear of science as dehumanization 
and to a hesitant love of science for its imaginative powerful curiosity. 
To some, these are terribly simple fears, perhaps superstitious, perhaps 
exaggerated; to others they are sophisticated. The fears are all-too- 
simply listed: Scientists are magicians, with a fundamentally incompre- 
hensible language, for the determining role of language upon cognition 
likewise determines the exclusion of outsiders. Scientists are manipu- 
lators of men as well as of viruses and molecules. The scientific curiosity 
has no inherent limitation, neither biased toward the good and the help- 
ful nor gravitating toward evil and cruelty. But this curiosity is not 
merely ethically neutral, responding to some other human agent, like 
a weapon. Science is irresponsible, morally irresponsible, according to 
this view, like a child with a giant’s muscles. It is that child-like curios- 
ity, that lovely awe and wonder, the itch to know and to explore and 
to collect all manner of things, which suddenly may frighten a humane 
observer, How apt is Robert Boyle's phrasing—the experimenter must 


torture Nature. And how, the observer passionately wishes to know, 
rous child to mature? If the metaphor were 


h the child, with love and with under- 
e curiosity and the manipulative 


how may he help this monst 
correct, perhaps he could teac 


standing, respect for the imaginativ | : 
instinct. But who is such an observer? And who is such a teacher? At 


least in part, each humane man, in the twentieth century, has such 


fears, and by that he is instinctively philosophical. 


The Human Situation 


ies to be considered then, for the estima- 
and practical reasoning 


as critical reasoning 


There are two distinct inquir 
tion of science today. Science itself, as pure 
about the world we experience; and philosophy 
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about the human situation, of which science is a part. How simple it 
must have seemed to those hopeful rationalists in the Age of Reason, 
how certain that science and its philosophy were unqualifiedly part of 
the foundations of human enlightenment, the creators of human inde- 
pendence, and the forces which could eliminate practical miseries and 
spiritual illusions. In our time, we need philosophical clarity about sci- 
ence precisely because the civilizing role of science is in doubt. And be- 
fore we can teach science properly, we had better try to establish the 
relation between science and humane goals once again. Let us state the 
critical challenge to science in such a way that it applies as well to pure 
science as to technology and industry. 


AMBIGUITY 


This civilization is both scientific and barbaric. How are these 
qualities linked? Things and people go faster, all of them might and 
some of them do last longer. Great chunks of Nature have been tamed. 
The possibilities seem endless, joyful, and wondrous, if only science can 
be linked with the fulfillment of life. The possibilities are brief, final, 
and degrading when science is joined with any denial of life. Which 
of the possibilities will be realized? In part, at least, this political ques- 
tion (with its psychological implications) can be illuminated by reflec- 
tions on science. For the ambiguity and alternatives in the use of science 
have rough counterparts within science itself. Perhaps one side of the 
ambiguity, the success of science in its own terms, may offer hope that 
the method of observation and reason will also succeed in social life. 
Ultimately, that method evolved to a stage where we 
greatest invention was the method of inventing; 
covery was the method of discovery. 


Human goals are sometimes fantastic, sometimes impractical, some- 
times plainly impossible; but we nov 


v have, in scientific reason, a way of 
finding out how to achieve our goals if they are achievable at all, and 
of di 


agnosing them when they are illusory. And by scientific education, 
we may teach ourselves how to reject the illusions and to work properly 
for our goals. But this task for education can permit deadening goals as 


well as enlivening ones, a bitter ambiguity of science and of science 
education. 


may say that the 
the most profound dis- 


Ambiguity is not itself an evaluative term, certainly not necessarily 
bad. But when the practical determinations are ethical, then theoretical 
ambiguity becomes less tolerable, and must be suspected. Where, then, 
are the ambiguities within science? A catalog of contrasts will show 
them. Science is cumulative, a progressively expanded and increasingly 
powerful development of human knowledge; and yet no scientific theory 
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is immune to change and criticism, indeed, every theory seems doomed 
to be overthrown. In the world of science, the honest, devoted appren- 
tice will honor his master and teacher by contradicting him. Newton 
today would be a follower of the physics of Einstein or Bohr, surely 
not a Newtonian. Science is a progressive accumulation and a series of 
overturned achievements. 

Furthermore, even a single theory or simple explanation is open to 
doubt. We generalize from all-too-few observations of a restricted range 
of kinds of phenomena. We speak of general and universal laws of 
Nature, but our basis for confirmation of these laws is so far from uni- 
versal that all of natural science rests upon an intelligent understanding 
of probabilities. And yet with this uncertain knowledge we have certain 
power. 

Not only are we limited in the available evidence for a given theory, 
we are compelled to offer our theories as guesses, perhaps informed 
guesses, but more often wildly imaginative conjectures as to the nature 
of reality. In confronting any genuinely significant problem, we have 
insufficient facts, imprecise techniques, and incomplete contexts. We 
respond with uncomfortable simplifications, and even with implausible 
ideas. Then, when the facts have become a bit more sufficient and the 
techniques more precise, when the contexts are completed, and the 
simplifications modified, and one might even say, when the ideas have 
become plausible, then, psychologically as well as epistemologically, the 
problem has lost its scientific significance. It has been replaced by hav- 
ing been, in our cleverly fumbling way, solved. | 

What could be more human? Men—a man, а family, a nation—must 
act upon their life problems with whatever knowledge they can get 
within the short time they have, а split-second, or a lifetime. Part of 
wisdom is to avoid illusions. One such illusion is to be enmeshed in an 
interminable and hopeless search for certainty. The converse, an 
other part of wisdom, is to learn reasonably to estimate the most : ely 
course of action by means of the most probable interpretation oF an 
insufficient supply of facts. This psp — Чай is the nerve 
of scienti inking, and it should be taug’ араны Я А 

оол theory is probable. How deceptively simple ae 
statement is, for ae use theories in the establishment of = 
making use of instruments whose design and затри Киги р 
theoretical science. Because of the accident of our bo A | ` үч 


i n 
scope of our organs of perception, we тау ne OT os ote 
enormous universe. We narrow our range of facts still fu Я 


і hed theories. So the facts 
lausi judi f our previously establishe 
еа е ва ically incomplete, inescapably shaky. And 
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and objective. They are relative, rather than absolute or certain; relative 
to our observational perspective, in the history of ideas and the history 
of instruments. They are objective, rather than private or willful; objec- 
tive in reference, and in their inter-subjective relation to observers and 
to observations. 

Disciplined imagination makes theories; delicate experimental skills 
support them or discredit them with observations; the logic of statistical 
inference shows the relation of theory to observation; and informed 
rational courage enables men to use these merely probable scientific 
theories in social and personal practice. Not an existentialist leap into 
utter darkness, science is a fragment of reasoning about the unknown. 


ART AND SCIENCE 


Just as science is certain and uncertain, so it is also passionate 
while dispassionate. Within the cool objectivity of scientific inquiry is 
also a human response to the esthetic of Nature. From the beginning, 
men have found beauty in Nature, and have used that response as а 
vital part of life. The sources of art are in the same spring as those of 
science. Sometimes, observing the objects of their environment, men 
imitated those objects. At other times, pure forms and abstract symbols 
predominated in human expression. Even the art of the Stone Age caves 
has already shown this. Indeed, the history of art is as complex as the 
history of science, and artists have travelled far from the paleolithic 
hunters who imitated and the neolithic potters who ornamented. Never- 
theless, artists still share the diverse feelings for Nature which civiliza- 
tion produced. In this respect, in the emotional apprehension of Nature, 
art and science are intimate, for science, too, was but an expression of 
man’s relations with the natural world, Have we lost this? 

Indeed, scientists are like artists, They play with form. But for scien- 
tists, forms are abstracted in logical structures, in calculi and geometries, 
in the shapes of viruses or galaxies, in the free creations of electron 
orbits, or in other regularities of groups, pattern, sequences. The artist’s 
imagination, whether imitative or abstract, is universal and concrete. 
Artists have responded to the man-sized world of experience, to its 


normalities and its distortions. Science opens new worlds of forms, and 


with them extends enormously the ranges of human response. We see 
Nature as a delicate agglomeration of changing forms, whose hidden 
realities were classically set forth in the simplicity of mathematical equa- 
tions, the language of pure forms. But why should this abstract beauty 
of Nature, conceived by the imaginative method of scientific hypothesis, 
be any less legitimate than the concrete beauty of sunset, lightning, 
spiders web, or human body? It is the artist’s response, set against his 
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human situation of cultural place as well as natural epoch, which is 
decisive for art. The fusion of science with art is as needed as the aware- 
ness of social reality through art. But science is not yet art. The scien- 
tist’s hypothesis is itself independent of his sensory experiences; indeed 
the working scientist is as much creating as he is discovering and ob- 
serving. Scientists experiment and imagine; they calculate and, again, 
imagine; and, hence, it is well to say that they are both sensuously in- 
volved with their world and rationally involved with forms and relations. 
It is close enough to the sensuousness and tough thought of the working 
artist. 

And, hence, our implied contrast of logic and experience, reason and 
passion, appears. Nature conforms to both sensuality and the rationality. 
Fulfillment and loveliness appear, the beauty of Nature along with 
knowledge of Nature, the symmetry and elegance of formal structures, 
the visual, tangible delights of experimental clarities. There is, for the 
scientist, a certain pleasure to be found in the patterns of things, the 
ways they fit together. In the process of disinterested factual inquiry, 
he finds a deepened emotional life. Our students might, too. But for our 


larger public, it is not so clearly possible. 


PouiticaL ETHICS 


The political ethics of science demonstrates a further ambiguity. 
Science seems to be both democratic and authoritarian, and where 
democratic, both individual and private, but also cooperative and social- 
ist. These alternatives need not be at war, however, for they are aspects 
of the double foundation of scientific methods. A primary foundation 
of science is the verifying and falsifying authority over ont гена 
which is presented by the experience of Nature, by pee ай 
experiment, апа Бу continued practical application. ene aed 
open to each investigator, but from earliest times it could е ha = 
by the cooperation of many men, recording for other omg wnt гө 
ing from other specialists, joining together in constructive la a 


i i i er. 
critical thought, in teaching, studying, and in learning her ЖИН 
Science accumulates, it grows. It contrasts sharply with other asp 


of human culture. A sculpture by Michelangelo, created in oo а 
century, is not inherently less beautiful than one by е ат oy 
The pacifism of Isaiah is no less noble for being near y twe „уе 
turies earlier than that of Gandhi. But the scientific ew hig 
and Newton is inherently less comprehensive, i аве | oe X 
successful, less true, than that of Einstein and Planck; - А ion — 
Pythagoras and Aristotle is, in its turn, likewise less tru н л, 
Galileo. The history of science must be written as progr E: 
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in its ownterms. We scientists, as both Bernard of Chartres, in the 
twelfth century, and Isaac Newton, 500 years later, remarked, see so 
far because we are like dwarfs standing on the shoulders of giants. And 
the giants are no less indebted to the multitude of lesser workers: crafts- 
men, observers, experimenters, farmers, shepherds, and other common 
folk. The achievement of science is the patient work of the many investi- 
gators who are necessary to deal with the complex phenomena of the 
natural world. Of necessity, science is a cooperative activity. The social 
arrangements which seem so sophisticated in our industrial economy of 
today, in production and distribution, are really a commonplace in the 
ancient science of astronomy, which reaches back to the agricultural 
revolution of pre-history. The regularities in the motions of the heavenly 
objects must be observed and recorded through the generations, accu- 
rately, faithfully, with deeply felt moral understanding of the debt to 
previous observers and the obligation to subsequent ones. If they had not 
been, there would have been no astronomy. The success of science is a 
lesson in human cooperation, through the depth of time. 


Госса, Тнооснт 


The second foundation of science is the self-imposed rigor of 
logical thought, the private authority of proof and disproof. Since each 
competent investigator knows this inner discipline, he tends to acknowl- 
edge the skills and genius of others. There are no dictators, whether 
self-imposed or mass-accepted, in a realm of healthy science, but there 
are recognized experts. By detailed communication and repeated assess- 
ments, the ideas and proposals of lesser as well as eminent scientists are 
accepted or rejected by the scientific public. It has justly been said that 
the international community of scientists—when true to itself—forms а 
cooperative republic. The citizens of this Jeffersonian republic are the 
educated voters. There is no president, there should be no parties. In 
fact, there is no dogma, no inflexible guide, nor any infallible authority. 
We have experts, but we ourselves establish them, and go on to judge 
them, and, at the next election, to change them. We scientists may not 
quite “throw the rascals out” but our politics are recognizably a demo- 
cratic ethic. Each teacher and student of science has this ethic of par- 
ticipation and belief open to him. This may sometimes be a chilling 
contrast of self-assured individualism against the weighty cooperative 
standards of our peers through the ages. But it is the way of any free 
scientific community, and ours is now a world community. 

Such personal participation in the search for knowledge has another 
notable characteristic. Repeated testing of theories, repeated assessments 
of the limits of our instruments, repeated criticisms of new ideas and of 
old ones, of one’s own notions as well as those of other thinkers—these 
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should be the continuous background of a scientific life. The excitement 
of invention and discovery is matched by the excitement of an inner 
critique. Science is a permanent school, a persistent learning and doubt- 
ing. If science has a philosophic spirit it is the spirit of rational and 
empirical self-criticism. And its slogan must be: anti-dogma. Self-reli- 
ance, initiative, rational cooperation, imaginative realism—almost a classic 
model for human life. We must wonder what prevents this model from 


leading our civilization? 


In SoctaL TERMS 


A culture which is characterized mainly by textual scholasticism 
and dogmatic disputation, by undisputed authorities and self-justified 
thoughts, would be the negation of a scientific culture; and, I suppose, 


such cultures have also been the opposite of democratic. A potential 


linkage between science and free society might therefore be strong and 
vident potential for the frus- 


pervasive. Why, nevertheless, is there an е 
tration of humane living inherent in the science of the twentieth century? 
In social terms, the present tendencies toward inhumane conditions 
have come with modern science, the industrial revolution, and the 
emergence of very large populations, whether industrial or not. These 
tendencies are alike in their treatment of men as though they were 
things. Even more bitterly inhumane is a standardization of men, осса- 
sionally at a high level of cultural environment (as in the wide avail- 
ability of fine reproductions of music, the fine arts, and literatures), but 


most often at a minimum level. 
Mass society has reflected in its ma 


and standardized procedure of its b i e 
mass distribution. As the research scientist controls his measuring instru- 


ment, and observes and manipulates natural Phenomena, and к: aC 
engineer applies science to the economical attainment of maient т 
so powerful men may measure and manipulate other men А mea m 
ment of specific goals. Of course, these goals may be good е Ber 
ethically neutral. Ethics is not a science. Hence, humanists may p k- ч 
upon moral standards, and it may be difficult to judge a were poi 
situation. But any habits of thought, and criteria for а w atte 
possible a mechanization of human beings will justly frighten a gee 
man. If actual science in social reality does no more бан bite е 
disrespectful ignoring of the individual, if it ean iy н, > 
ally and genuinely tend to promote such an attitu Cs ; Г акраб 
е de-humanizing process. Is it possible that 5с : н 
whose positive, even ideal, human qualities have seemed so clear, migh' 


ene к] 
also have so negative a consequence! 
Again we find ambiguity. Science has succeeded by means 0 
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ss culture the efficient, controlled, 
ase in industrial production and 


become part of th 


f isolating 


phenomena, taking causes and conditions to experimental extremes, 
purifying and analyzing, and by virtue of generalizing, by ignoring any 
uniqueness in the individual object of investigation. The method of 
analysis, whether experimental or theoretical, fragments reality. Can the 
same method restore the fragments to a complete whole? 


Link to ĪNDUSTRIAL SOCIETY 


There is a further difficulty. Scientific explorations carry a bur- 
den of assumptions which bind science tightly to industrial society. The 
methods of scientific thinking, and particularly the techniques of form- 
ing and manipulating concepts, are clearly consonant with the methods 
and techniques of a rationalized industrial economy. Science апа іп- 
dustry share causal analysis of determinate and precise relations among 
the parts of a process. Science has a goal of complete, efficient, and 
simple knowledge; industry a goal of determinate control. Now these 
causal criteria of success are not hidden. Other characteristics, less 
clearly established, have been suggested by social psychologists and 
social philosophers, if not by philosophical physicists. 

The classical view of Freud finds industrial society and its techno- 
logical reasoning to be marked by inner demands for order, parsimony, 
and obstinacy. The interpertation of the philosopher Simmel points to 
the nature of money, and a moneyed society, as a historical origin for 
the core of scientific thinking. Since money seems to be abstract, imper- 
sonal, objective, quantitative—money is rational. And if these interpreta- 
tions have some validity, then the ambiguous pattern is renewed because 
the irrational aspects of industrial society and its money economy also 
demand closest scrutiny. Apparently, there are psychological motives 
behind technological reasoning—irrational motives: and we cannot easily 
assert that they are justified or self-justifying. These motives may, in 
fact, be satisfied by manipulating the world of man and nature, not by 
respecting it or appreciating it or enjoying it in wonder or in play. 

We have seen that the attitude of mind which makes possible that 
manipulative power does so by its successful investigation of the causal 
laws of men and nature. Most striking of the contrasts shown by science 
is the extraordinary fusion of regularity and plasticity in our world, It 
is determinate but it can be transformed and remade. For worse or for 
better, the world of man and nature can be manipulated. What kind 
of social institutions can absorb the scientific spirit of cooperative inquiry 
and love of Nature but yet reject the equally scientific spirit of callous 
manipulative mastery? What kind of science education, indeed of total 
education, can be suggested for such differentiation of response? 
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Still, may there not be other attitudes toward Nature, and may Nature 
not have other qualities than those we have emphasized since Galileo? 
If so, there may be other formulations of rational inquiry and reasonable 
behavior. If these alternatives are to be explored, then the ambiguities 
within science ought to be kept vigorous. They must not be submerged 
or absorbed. Have these ambiguities suggested contradictions and incon- 
sistencies? Whitehead once said that a clash of doctrines is not a disaster 
—it is an opportunity. Indeed, a contradiction may be a sign of defeat 
in formal logic, but in science it marks a first step toward a victory. And 
so, also, if a philosophy of science is to be helpful, it should cherish the 
tensions within science and the scientific life. It must transcend the pres- 


ent arid and limiting aspects of that larger culture with which science 


has reciprocally flourished, but only by retaining the reasonable achieve- 


ments of science itself. 

This point seems essential. There is no w 
style of life. Indeed a rejection of science now would mean beginning 
the struggle for technical mastery of nature once again. It is the humane, 
esthetic, and ethical aspects of science which can yet provide a ground 
for cultivating humanistic social behavior. In that case, courageous sci- 
ence teachers need not reinforce the sophisticated inhumanity of this 
century. And then science need not terrify. | 

I have painted a dark picture of science as an irresponsible social 
institution, resonating with, if not instigating, certain oppressive qualities 
of life. But we have also indicated a spirit within the classic scientific 
community which is the same as the spirit of free and responsible men 
in any society. At our best, scientists live by a philosophy of individuality 
and common purpose, treating each other with the utmost of rigorous 
demands and offering each other a habit of profound respect. If we will 
respond to the problems of poor and oppressed men with aha 
mixture of imaginative technique and mutual respect, we will civilize 
ourselves and our world. And if we scientists and science teachers do not 
strike radically at the close connection between the scientific and the 
barbaric, we must expect the verdict which has been ена Ъу bed 
pessimistic philosophical judges. It requires more than a curricular a i- 
tion of literature and the arts, more than a required course Е ics. 
Furthermore, it needs more than replacement of technical on -n 
by what my colleagues call general engineering and our Soviet с : 
[ echnical education. It means а far deeper attempt a 
philosophical and historical understanding of science as a human шз 

i understanding which demands the 
‘scapes ем н ре = the linguistics and psychoanalysis 

i soci lations of science, stics a рэ? pp 
„үк and its politics, and finally, its characteristic 


but regretfully only potential symbiosis with art. 


ay back to a prescientific 


leagues call polyt 
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VALUES AND GOALS FOR SCIENCE TEACHING 


What do these reflections on the ambiguous character of science 
imply for the school? Perhaps we can propose Some Values and Goals 
for Science Teaching: 


1. To provide enough understanding to enable the educated citi- 
zens to collaborate intelligently with those who are actively engaged in 
scientific pursuits. 


2. To enable the citizen both to criticize and to appreciate the 
effects of the sciences on his society; to understand its history and its 
present alternative prospects. 


3. To give a practical grasp of scientific methods of grappling 
with problems, at least sufficient for problems which the student will 
face in his individual and social life. 


4. To help the pupil and citizen to understand the whole world 
better factually, and especially the world as it affects him concretely. He 


should not be a spectator of the mysterious doings of scientists or of 
their products. 


5. To kindle enthusiasm for the intrinsic delights of scientific 
knowledge, in part because it will make life more enjoyable, in part 


because society has an extreme need of good scientists in every field of 
human difficulty. 


6. To understand the place of science among other intellectual 
and esthetic pursuits: briefly, to see the sciences as being themselves a 
humanistic enterprise, as much as literature, the arts, history and religion, 
connected closely with them even while differing from them. 


7. To help the pupil who has already chosen to become a 
scientist, technician, or engineer to comprehend the humanistic basis 
and significance of his life-specialty; and to overcome the ever-present 
danger that we may, in our schools and colleges, produce a specialized 
and narrow-minded technician, whether in the research laboratory or in 
the machine shop or at the factory bench, and to teach him humility in 
his role as scientist, serving, not dominating, society. 


8. To help the citizen investigate ways of increasing the range 
and depth of understanding natural processes and to relate this problem 


of encouraging and exploiting science to the many puzzling complexities 
of industrial society. 


9. To provide our students with rich and various experiences of 
individual thinking and critical attitudes on the one hand 


, and of co- 
operative enterprise and mutual aid on the other. 
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10. To help the pupil to understand the position of his future 
job or activity in the productive web of society as a whole, technically 
and scientifically as well as socially, so as to establish his sane and 
healthy self-knowledge and so that he may act more intelligently with 
others whenever there are joint undertakings. 


11. To educate our students so that they may distinguish ends 
from means, probabilities from certainties, evidence from propaganda, 
questions from pseudo-questions, rational belief from superstition, and 
science from quackery. 

It is not too much to ask teachers to take time to reflect upon such 
goals as these. The development of the sciences has given us, in this 
century, the means to a secure life. There are no longer any material 
obstacles to an abundant life and yet the lives about us, in this country 
and throughout the world, are mainly stunted and unhappy. We should 
educate children to think about these urgent problems of social ethics 
and technical application, about the practical relation of science and 
values, We must do this with wisdom as well as with technical methods, 
for as Whitehead sadly noted: “Some of the major disasters of mankind 
have been produced by the narrowness of men with a good methodology. 
Ulysses had no use for Plato, and the bones of his companions are 
strewn on many a reef and many an isle.” 

Science is still ambiguous and her lot is not yet completely cast. 
Created by man—himself a part of Nature—science is as natural as her 
subject matter, And the transformation of Nature by man is therefore 
to be seen as Nature transforming, conquering, and disciplining herself. 
We can help from within the most delicate spot of all, from within the 
rational citadel of technological society, since we can help in ey educa- 
tion of younger scientists, and in the scientific education of all young 


people. | | 
It can still be maintained that the true science is eres өр 
i ible i еаѕоп а 
hi ical ideals. Plato thought it was possible to bring re mor 
oer эшене 1 е, devotion to this possibility 


the nations and among men. In our tim 

ienti si ow how 
must be joined with a sober, and hence scientific, реп to а bg 
ideals can be made real. We have made rational machines; perhap: 


can make ourselves and our companions on earth ханова се 
believe, by a humane teaching in every science a wai 
these hopeful sentiments seem to be empty jugs. ina ‘oat 
thought can fill them. Our problems can be a у ccna le 
so commonly seen that they may be solved by further res з Bed | 
our wisest scientists spoke directly. Albert ae та 
explain research. Не said that “research is to see wha ту 


seen and to think what nobody has thought. 


i elly false to 
Men in society, with science acquiescent, have been cruelly 
, 


337 


eir own potentialities; when men begin to remake the world, their 
sires and values will be part of Nature. Put in optimistic terms, “the 
storical achievement of science and technology has rendered possible 
e translation of values into technical tasks.” We need philosophers and 
ientists and teachers who will undertake the re-definitions of values 
technical terms. This would, in Herbert Marcuse’s fine phrase, be a 
aterialization of values. Then, with a humane science, the moral ideal 
ill become a dimension of the natural. 
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ACTIVITY 17 
Essay Topics and Problems on Part Two* 


1. Compare and contrast some of the views of J. S. Bruner and 
of D. Р. Ausubel on approaches to science teaching. 


2. Choose an activity requiring student experimentation and 
write a dialogue showing how you as a teacher would handle a set of 
student questions and situations which might arise during the experiment. 


3. What authors quoted or discussed in this book believe that 
discovery approaches and approaches based primarily on the learning 
of skills rather than subject matter are not satisfactory in teaching 
science? Summarize their case. Summarize also the case made for the 
use of discovery approaches and skill-developing curricula, and identify 
some of their main proponents. 


4. Discuss the proposition; Students in secondary school science 
Courses should be treated as junior scientists. 


5. What, in your opinion, should be the relative roles of “con- 
tent” and “method” in science courses? 


6. Discuss Bruner’s hypothesis that any subject can be taught 
meaningfully to students at any grade level. Choose an advanced science 
topic and outline how you might teach it in first, fourth, eighth, and 
twelfth grades. 


7. Based on what you have read in this book and on your per- 
Sonal feelings, draw up a design of the most ideal classroom and class 
Schedule situation you can think of (assuming that you have unlimited 
financial support available). 


°For instructors who use this book as a text in methods courses it is recom- 
mended that students be required to write on several of the topics in this list. 
Teachers using this book as a reference will also find that the exercise of writ- 
ing short essays on these topics will sharpen their insight into some of the 
recurrent themes that run through this book. 
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8. Discuss the proposition: Truly modern scientists are more 
creators of models than discoverers of natural laws. This being the casi 
the emphasis in science courses should be more on the {ашан о 
constructs (and models) than on the “discovery” of relationships. 


9. Discuss the view of M. King Hubbert (quoted in ‘Coit 
moner’s article in this book) that “the acceptance of any conclusion... 
by an individual who is not familiar with the observational data 2 
which it is based and the logic by which it is derived is а negation 0 
science and a return to authoritarianism.” What are the implications of 
this statement for science teaching? 


10. What is an experiment? 


11. Discuss what the relationships should be ideally, in your 


opinion, between science teaching and other parts of a high-school stu- 
dent’s education. 


12. Discuss the following proposition: Most “facts” are ia 
ent upon the observer. (See especially the articles by Cohen and i 
Farre.) What are the implications of this statement for science education! 


13. Discuss the nature and implications of the “information ex- 
plosion.” (See especially Bruner, Commoner. ) 


14. Formulate a scheme for discovering the “frustration toler- 
ance” of members of your class and using techniques to keep students 


frustrated to the point of being interested but not to the point of with- 
drawing. 


15. Based on 


your readings and experiments, discuss ways in 
which you might help 


a group of students to distinguish between ob- 
servations and inferences, facts and theories, inferences and deductions, 
and between laws and models. Give and discuss carefully several ex- 


amples of each of these categories of scientific knowledge, information, 
or thought. 


16. To what extent are scie 
that experiential, activity-centered 
teaching science? To what extent d 
be experience-centered? Concept-ce 


17. Outline an 
lead to the learning of 
discipline to 


nce educators and scientists agreed 
approaches are the best ways of 
о you think science courses should 
ntered? Information-centered? 


activity or series of activities which you think will 


a skill which can be transferred from one science 


another. Devise a way of testing to see whether or not 


your students have in fact been able to manage transfer. 


18. Discuss the views of some of the authors represented in 
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Part II of this book on the objectives of science teaching and on the 
matter of behavioral objectives. 


19. Outline a unit of study requiring the use of research papers 
in a high school science class. Prepare a bibliography to accompany 
your unit. 

20. Choose one of the articles in Part Two with a bibliography, 
look up all of the references cited, and prepare a short abstract of each. 
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Objectives of this Book 


Now that you have read this book and performed the activities 


prescribed you should be able to: 


1. 


2. 


con 


10. 


El; 


12. 


13. 


14. 


15. 


‚ Design and condu 


- Create invitations to inquiry and te 
‚ Analyze textbooks and dete 


‚ Analyze audiovisual materials and use 


Formulate behavioral objectives for science lessons in accordance 
with the general principles described herein. 
Analyze materials and determine which are stated in conceptual 


terms; formulate conceptual statements for lessons you teach to 
your own classes. 


. Organize course materials within а framework of conceptual 


schemes. 


‚ Devise and use several different techniques of establishing a need 


to know. 


. Prepare and conduct both structured and unstructured activities 


for science classes. 


ct working field trips for biology or earth science 
classes. 

ach them to groups of students. 
rmine quantitatively how effectively 


different texts can be when used in conjunction with a discovery- 


oriented science program. 

them in a way that helps 
you to reach previously stated behavioral objectives. 

Analyze several textbooks or your own course notes and determine 
which technical terms are essential to reaching your behavioral 
objectives and which are superfluous, 

Analyze and evaluate your questionin 
ods described within this book or оће 
Recognize carefully stated generalize 
careful formulation of generalizations 
Write examination questions w 
stated behavioral objectives, 
Prepare and use a contract or other independent-study unit for a 
portion of a science class, 


g technique using the meth- 
r methods with similar goals. 
tions and lead students to 


hich specifically test for previously 


Read critically, analyze, and discuss articles from the literature on 
science education, 
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